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ABSTRACT
BEHAVIOR OF NOVEL CEMENTITIOUS COMPOSITES FOR USE IN
SUSTAINABLE CONSTRUCTION AND REHABILITATION
by
Noah A. Thibodeaux
Cementitious composites are a class of cement-based materials that incorporate a cement
paste and other constituents to form a composite material. Cementitious composites may
include coarse and/or fine aggregate, admixtures, supplementary cementitious materials
(SCMs), or fibers in order to achieve a desired workability, strength, or durability
property.
Recently, material scientists and engineers have developed a variety of novel
cementitious composites for the purpose of new construction, rehabilitation, and
reconstruction applications. Such materials can be used to improve the sustainability of
civil infrastructure through the use of recycled, repurposed, or low-embodied carbon
materials. Since many of the qualification standards and tests that exist are conceived for
ordinary portland cement concrete in new construction, there is a need to qualify and test
novel cementitious composites in accordance with their conceived use case. It is for this
reason that the study of concrete durability and combined deterioration mechanisms is
necessary to gain a more comprehensive understanding of the theoretical service life of
in-situ repairs and structural elements comprised of novel materials. Gaining insight into
the behavior of novel cementitious composites can inform specification development and
design.
In this dissertation, mechanical and durability properties of a variety of novel
cementitious composites (NCCs) are tested and discussed. Specifically, fiber-reinforced

cementitious composites (FRCCs) and recycled aggregate concrete (RAC) materials are
investigated in terms of load-displacement and ultimate mechanical strength.
Additionally, laboratory testing methodologies are detailed in terms of the applicable
concrete qualification tests and their modifications. Further, computational modeling
approaches are also considered.
The outcomes of the various studies presented herein highlight the importance of
the proper adoption and implementation of experimental methods and setups that deliver
useful insights when working with NCCs. Furthermore, the properties of NCC
constituents for which accurate and repeatable qualification standards do not exist were
determined to be sensitive enough to treatment and placement conditions to warrant novel
testing program development and control over specific variables. Some of the standard
testing procedures for cement composites are directly implemented into the experimental
programs, while other procedures are modified to fit the needs of the experiment. In all
experiments, constituent variables such as water-cement ratio (w/cm), volume of
aggregates, and water content were kept constant, while other experimental mixture
design variables are altered in order to capture certain mechanical strength outcomes
resulting from mixture composition differences, In one study, the ability of a novel
testing setup to capture the effect of an environmental conditioning protocol on bond
performance is evaluated. Finally, this dissertation will highlight the importance of
qualifying and testing novel cement composites. The testing standards and methodologies
selected for qualifying these materials is chosen to capture the desired experimental
outputs.
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CHAPTER 1
INTRODUCTION AND BACKGROUND

1.1

Research Motivation and Objectives

This dissertation follows a manuscript format. This dissertation contains three separate
experimental studies, all of which study the mechanical properties and performance of
novel cementitious composites (NCCs) under the influence of varying material, time, and
environmental conditioning variables. In all experimental work, reference to the
appropriate American Society of Testing and Materials (ASTM) standards are used as a
basis for establishing testing methodologies for qualification of constituent materials as
well as evaluation the fresh and hardened properties of all NCCs evaluated in the study.
A NCC can be conceived as any material that includes a cementitious binder with
suspended aggregate particles. The novelty of these materials lies in either the different
types of cement or aggregate systems employed or in the addition of fibers, SCMs,
admixtures. NCCs encompass a broad range of materials with varying use cases.
Chapter 1: Introduction and Background – This chapter provides introductory
material to the work presented in this dissertation as well as the research motivations that
led to the development of the ideas and methodologies presented herein. This background
is further split up into three sections, each providing a review of the different materials
studied, their use cases, and the relevant research surrounding them. A brief overview of
each material provides a basis for the studies presented in following chapters. Given the
diversity of the work contained within this dissertation, detailed background information
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and related literature are summarized within each self-contained research chapter (i.e.,
Chapters 3 through 5).
Chapter 2: Experimental Means and Methods – This chapter provides an
overview of the methodologies adopted for the experimental work performed in this
study. This chapter is primarily focused on research activities that were carried out
according to standardized testing methods, with some discussion on methods unique to
the experiments in this dissertation. For more specific information on unique testing
setups and testing methods, the reader is directed to the appropriate manuscript.
Chapter 3: Effect of Cold Plasma Treatment of Polymer Fibers on the Mechanical
Behavior of Fiber Reinforced Cementitious Composites – This chapter examines the
effect of a novel fiber treatment regime on the mechanical properties of an FRCC and
was a companion study with the department of Physics at Seton Hall. The compressive
and flexural force-displacement response was analyzed for FRCCs with increasing fiber
treatment times. The load-displacement response was used as a basis for examining the
post-peak behavior for this novel class of FRCCs.
Chapter 4: Impact of Recycled Concrete Aggregate Parent Concrete Strength on
Properties of Recycled Aggregate Concrete – This chapter examines the effect of parent
strength of a concrete system on the strength of a recycled aggregate concrete (RAC)
system containing recycled concrete aggregate (RCA) derived from a parent concrete
(PC) that was designed, cast, and tested under laboratory conditions. The effects of total
mortar content on workability and strength properties are discussed and a brief
examination of the microstructural properties of RAC through the use of Scanning
Electron Microscopy are considered in the context of strength.
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Chapter 5: Impact of Freeze-Thaw Cycling on the Mechanical and Durability
Properties of Rapid Repair Based Overlay Systems – This chapter outlines and the
development and execution of a novel testing procedure and methodology applied to a
NCC comprised itself of two different composites, one being a substrate representing a
repair section of previously deteriorated concrete, and the other an overlay comprised of a
rapid repair material (RRM). The RRM, together with the substrate embody an
experimental simulation of a partial depth repair (PDR) of a concrete bridge deck in the
field, a construction technique in which a structures service life is extended without
imposing any significant traffic delays.
Chapter 6: Conclusions, Recommendations, and Future Work – This chapter
summarizes the overarching goals and findings of the studies presented herein and
provides some conclusory remarks on the development, execution, and interpretation of
experimental testing regimes for NCCs in a research context. Future work and
recommendations based on the research findings and interpretations are also delineated.
Appendix: Additional Data – The Appendix shows additional data from all
manuscripts.

1.2

Background Information

The modernity and increasing complexity of the built environment necessitates the study
of the materials that comprise it to gain a better estimation of in-situ service life. The
expenditure of natural resources for new construction, coupled with increasing traffic
loads results in a high carbon output. The activities involved in harvesting and processing
raw materials into constituents that can be used in engineered systems also contribute to
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this ever-emerging issue. For this reason, study of methods by which construction waste
is minimized, together with the exploration of repairs and their longevity, can assist
engineers and designers in making more informed, sustainable decisions.
1.2.1 Fiber Bond Performance Alterations in Fiber Reinforced Cementitious
Composites
Fiber reinforced cement composites (FRCCs) have been extensively studied and
developed in the past 50 years. Concrete exhibits a low tensile strength, which is often
addressed through the use of reinforcement. Adding fibers to concrete imparts strength
improvement through crack-bridging action. Addition of discreet fibers can improve
cracking resistance, toughness, strength, fatigue life, impact resistance, among other
properties of import in engineering applications [1]. Adding fibers to cement composites
has been understood to improve durability, ductility, and overall resistance to cracking
[2]–[4]. The addition of fibers to cement and concrete composites is achieved by the
restraint of crack openings when mechanical loading causes stresses that exceed the
tensile strength capabilities of the cement matrix. Fibers engage through bonding with the
surrounding cementitious material in the concrete or mortar matrix. Upon the formation
and progression of cracks, fibers restrain crack openings that are formed, thereby
imparting ductile characteristics to the composite system and improving overall strength
[5]. Inclusion of fibers has also proved to improve other performance metrics such as
shrinkage [6]. Additionally, FRCCs can improve durability to deterioration from
carbonation action [7]. Several fiber types are available that can improve the performance
of cement composites including steel, plastic, glass, and natural fibers [1]. Fibers come in
a variety of shapes and sizes, and may be straight or hooked in some manner. The
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properties of FRCCs depend on the composition, amount, and dimension of the fibers as
well as the makeup of the cement matrix and the interface developed between cement and
fiber [1].
1.2.1.1 Cement-Fiber Interface Tailoring. The effectiveness of fiber inclusion within a
cementitious matrix is largely controlled by the strength of the fiber, as well as the
interface developed between the fiber and the surrounding cement matrix. In this work,
the fiber interface is of primary interest. Polymer fibers such as polypropylene (PP) or
polyvinyl-alcohol (PV) fibers are attractive due to lower density, ease of manufacturing,
and lower cost relative to other fiber types [8]. Due to their long-chain chemical makeup,
the bonding potential can be weak in the context of FRCC since they do not naturally
bond chemically with cementitious composites as readily as steel and glass fiber types
[8]–[10]. It is necessary, therefore, to tailor these fiber types in order to use them for
mechanical strength and durability advantages. PP fibers are useful in controlling
cracking due to shrinkage while PV fibers can be considered for structural applications
[11].
1.2.1.2 Polymeric Fibers. Polypropylene fibers exhibit a high melting point, chemical
stability, and relatively low cost [12], [13]. Additionally, they do not corrode and are
chemically stable in the highly alkaline environment in concrete [14], [15]. These fiber
types are useful not only in increasing the mechanical strength of FRCCs, but also aid in
reducing plastic shrinkage cracking [16]. This has been confirmed through studies that
demonstrated reductions in total crack area, maximum crack width, and total cracking
[13], [16], [17]. PP fibers have an elastic moduli that is 9% that of glass fiber types and
3% that of steel fibers [18]. When considering the density of the material, steel has a
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specific gravity that is 15% that of steel and 30% of glass or asbestos [18], meaning that
they only serve to lower the density of an FRCC composite instead of raising it. It has
been observed that while peak compressive strength may be lowered due to
polypropylene fiber inclusion, the flexural and splitting tensile strength have been
observed to increase [19]. This fiber type was used in the 1960s as reinforcement for
structures that required blast resistance, and was shown to increase the ductility and
impact resistance of cement composites substantially [18]. Many earlier studies have
explored lower fiber volume contents of 0.1-0.3% by volume of mixture [13], [20], [21].
Studies that explored higher volume fractions of 1-2% demonstrated increases in flexural
and impact strengths of 21 and 17%, respectively [6], [15], [22]. One of the most
important properties of polypropylene is its hydrophobicity [14], [18], [21], [23]. For this
reason, PP alone does not chemically bond with the cement matrix [21]. For this reason,
PP fibers are fibrillated or treated to achieve desired bonding potential [14], [17]. The
treatment of polypropylene fibers in order to enhance or alter bonding potential is
desirable.
PV fibers can improve the compressive strength of cement composites depending on the
fiber geometry and fiber content [24]. PV fibers have a higher strength and elastic
modulus when compared to PP fibers[10]. The relatively high ductility and toughness
exhibited by these fiber types make them useful in high-performance applications such as
Engineered Cementitious Composites (ECCs) [10]. PV-ECC offers many of the
improvements of steel fibers at a lower cost [10], [25]–[27]. PV fibers exhibit a high
interfacial chemical bond, friction, and slip-hardening characteristics within a
cementitious matrix [26]. This high bonding takes place due to the presence of hydroxyl
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groups found the molecular chains of PV [25]. PV fibers, unlike PP are hydrophilic,
meaning that a strong and continuous bond can be achieved between a PV fiber and a
cementitious matrix [28].
1.2.1.3 Cold Plasma Treatment of Polymers. For both of these polymer fiber types,
interface tailoring is desirable. For PP fibers, it may be desirable to increase bonding due
to hydrophobicity while PV fibers may be better used by lowering their bonding potential
due to their hydrophilicity. Interface tailoring methods exist for fibers of various types,
and have been explored to maximize the benefits of fiber inclusion [14], [25], [29], [30].
Various treatment methods exist for treatment fibers, including silane, dichromate, ozone,
and oiling [3], [29], [30]. These fiber treatment methods serve to alter the wettability and
surface characteristics of polymeric fibers, altering the bond performance of the fibercement interface. In this study, a novel treatment method involving a cold plasma jet is
explored. The goal of this study was to study the efficacy of plasma treatment on the
load-displacement response of fiber reinforced mortar specimens in flexure and in
compression.
1.2.2 Effect of Parent Recycled Aggregate Properties on the Strength and Fresh
Properties of Recycled Aggregate Concretes
It is estimated that worldwide, 33 billion metric tonnes of concrete are produced every
year [1]. Sustainability is a growing concern in the production, use, and processing of raw
materials and waste streams within the construction industry. Large amounts of energy
are required for the production of concrete, and consequently large volumes of waste are
generated from waste concrete at end-of-life [31]–[33]. Construction and demolition
waste (CDW) is a natural artifact of the construction industry [32]. The use and
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deterioration of civil infrastructure results in large amounts of CDW. In 2018 alone, the
US had an estimated CDW output of 145 million tonnes US [34]. CDW is landfilled,
triggering legislation that promotes reuse of this form of recyclable waste [35].
As production of concrete remains a significant source of CDW, the use of
concrete presents a sustainability challenge in the form of granitic quarry depletion, a
natural non-renewable resource expenditure [35]. Due to these factors, the use of recycled
concrete aggregate (RCA) in new construction has great potential in the construction
sector as a sustainability practice [35]–[37]. Further, the impact of natural aggregate
source depletion and landfilling presents sustainability concerns that must be addressed
[38].
RCA use can provide a means for utilizing CDW effectively and economically
[39]. Different classifications of RCA exist, and standards for its use in construction have
been developed. RILEM recognizes three classes of RCA [31], while ACI 318 allows it’s
use, although guidance on its use remains limited [40]. There is a need for consistent and
far-reaching standards of qualification and use of RCA [39]. Some of the standard
surrounding RCA use limits the percentage of contaminants, due to the inherently
variable chemical contaminants existing in CDW [39]. Another limitation on its use is the
perception of the material not being suitable for engineering applications due to its substandard nature [32]. Finally, there is a lack of infrastructure surrounding the use of RCA,
limiting any study that proports to assess cost or lifecycle assessments of RCA in the
current industry climate [32].
RCA exhibits a lower density and higher porosity, giving rise to strength and
durability concerns in engineered components [41]. The variability alone presents a
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challenge, leading to potentially higher failure probability when compared to normal
concrete [42]. Though challenges persist, RCA has demonstrated efficacy when the
proper adjustments and preparations are applied to standard design processes [43], [44].
Of particular concern is the mechanical strength of RAC systems compared to
NAC systems. Some studies have proposed that RCA quality determines the strength of a
resulting RAC [35], [45]. Other studies have reported that replacement levels limit
strength, necessitating mixture design modifications to achieve desired strength [46],
[47]. Still others have maintained that RAC can exhibit the same strength as an NAC of a
similar mixture design if the RCA is of high quality and other design factors are
controlled [35], [45], [48], [49]. While many studies have reported strength of the RCA,
there is limited information on the effect of parent strength differences on the timedependent strength gain characteristics when compared to NAC.
In this work, the impact of parent strength and curing time on the mechanical
properties of an RAC system are explored, with emphasis on adhered mortar content and
qualitative microstructural analysis of scanning electron microscopy (SEM) images. The
goal of this work is to quantify the effect of parent strength differences on RAC strength
as well as the effect of adhered mortar (AM) on the workability properties of a RAC mix.
1.2.3 Pavement Rehabilitation Through the Use of Rapid Repair Materials at
Partial Slab Depth
Highway and road infrastructure are deteriorating from the effects of environmental and
traffic loading without the necessary funding to support reconstruction efforts. The
current need for repair funding totals $76 Billion to repair, rehabilitate, and reconstruct
highway and road infrastructure [50]. Furthermore, the complete reconstruction of critical
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infrastructure and the addition of new infrastructure to accommodate the increasing
number of vehicles on highway and road infrastructure is a heavy burden on natural
resources and landfills. In the construction and demolition lifecycle of infrastructure,
concrete accounts for both a large non-renewable resource expenditure in the form of
natural granitic aggregate quarry’s as well as a large environmental expenditure in the
form of landfilling. The concrete industry uses a large amount of energy for the
production, use, and transport of raw materials to be used in concrete. These activities
result in a large amount of construction and demolition waste (CDW) [31]–[33].
The presence of deterioration mechanisms coupled with traffic loading
necessitates the use of repair materials to effectively increase the service life of a
structure without complete reconstruction. Reconstruction of a road surface can be costly
and time consuming, leading to lane closures and delays on road infrastructure. For this
reason, concrete resurfacing practices are used in areas where deterioration has
compromised the pavement structure. A repair solution can consist of a bonded or
unbonded overlay system; where bonded systems are utilized in situations where the
existing pavement is in fair structural condition and the repair thickness is 2 – 6 in. [50 –
150 mm] [51]. Partial depth repairs (PDRs) are bonded systems that are effective in
rehabilitating areas of localized spalling, thereby restoring the performance of the
pavement and extending its service life [52]. PDRs are useful when deterioration is
limited to joint failures between pavements and in areas where a third or less of the total
depth of the pavement structure is determined to be unsound [53]. PDRs involve the
removal and replacement of small sections of deteriorated concrete pavement, effectively
slowing or eliminating the spread of damage that tends to occur due to thermal stress,
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freezing and thawing, and traffic loading [4]. There are different types of PDRs that fall
into different categories according to the FHWA concrete preservation guide [53]:
•

Type 1: Spot repair of cracks, joints and spalls

•

Type 2: Joint and crack repairs

•

Type 3: Bottom-half repairs
Partial depth repairs can extend the service life of a structure at a cost well below

that of reconstruction while enabling lane closures to be relatively short [51], [53], [54].
Figure 1.1 graphically demonstrates various maintenance and repair definitions for
damaged pavement structures as a function of time. PDRs are also useful in emergency
situations where there is not ample time to procure and place a new concrete paver. One
of the issues facing transportation agencies when repairing overpass and bridge pavement
structures is the limited amount of time that lanes can be closed without having adverse
impacts on traffic flow. The presence of traffic and delays on critical arterial roads has
long been considered to have significant economic impacts [55], [56]. As such, there is a
need for repair materials that can work effectively in a short period of time. Rapid repair
materials must exhibit high early strength gain properties to maintain an adequate bond to
the existing substrate while sustaining mechanical loads from traffic shortly after
placement. For this reason, traditional OPC systems are generally insufficient for rapid
repairs. In addition to rapid strength gain, a material for use on a PDR is suitable when it
exhibits a reasonable cost, high workability, short curing time, high bonding strength,
long-term durability, and thermal compatibility with the existing concrete [57]. While
many rapid repair materials have been used extensively for PDRs, their long-term
durability has not been well quantified in the presence of freeze thaw and sulfate attack.
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A study on the properties of a few selected rapid repair materials found the freeze thaw
durability of many of them to be unacceptable, especially in severe exposure conditions
[58]. Due to the geometry of PDRs and the stresses they undergo while in service, it is
important to understand and assess their strength and adhesion properties in the context
of durability.

Figure 1.1 Representation of definitions of pavement preservation, rehabilitation, and
reconstruction [53].
1.2.3.1 Rapid Repair Materials. There exist a number of recognized rapid repair
cements for use on PDRs that exhibit rapid strength gain properties, allowing for short
lane closure times. Many of these systems attain high early strength as a result of the
predominance of ettringite formation. Most rapid repair materials are made up of a blend
of alternative cement chemistries. Some of the primary alternative cement chemistries are
described herein.
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Calcium Aluminate Cements: Calcium aluminate cements (CACs) came about in the late
19th and early 20th centuries in Europe, originally intended to be resistant to the presence
of high sulfate concentrations and seawater [59]. Upon further development, Jules Bied
developed a blend of CAC low in silica and high in alumina and patented the blend as
Ciment Fondu Lafarge in 1908 [60]. CAC is approximately four to five times more
expensive compared to OPC [59], [61]. These cements exhibit superior heat refraction
properties when compared to OPC and, as such, are best utilized in applications where
high temperatures exist. CACs are also used in blends to produce mixtures with selfleveling properties and rapid strength gain properties [59]. The high early strength
properties of CACs make them suitable for rapid repair applications.
CAC is the product of pulverized clinker consisting of mainly hydraulic calcium
aluminates, a product obtained from fusing a mixture of aluminous and calcareous
materials, namely limestone and bauxite [61], [62]. The production of CACs utilize a
reverberatory open-hearth furnace, and in some cases a rotary or top-loader kiln [62]. The
principal oxides of CACs are CaO and Al2O3, with little or no silica as compared to OPC
systems. Combination of these oxides results in monocalcium aluminate (CA) as the
primary active phase, which gives calcium aluminate hydrates when mixed with water
[61]. The main products of CACs are formed according to the reactions shown [59]:
𝐶𝐶𝐶𝐶 + 10𝐻𝐻 → 𝐶𝐶𝐴𝐴𝐻𝐻10

(1.1)

3𝐶𝐶𝐶𝐶 + 12𝐻𝐻 → 𝐶𝐶3 𝐴𝐴𝐻𝐻6 + 2𝐴𝐴𝐻𝐻3

(1.3)

2𝐶𝐶𝐶𝐶 + 11𝐻𝐻 → 𝐶𝐶2 𝐴𝐴𝐻𝐻8 + 𝐴𝐴𝐻𝐻3

(1.2)

The hydration of CACs is highly temperature dependent. In general, higher curing
temperatures result in earlier strength gain. CAC systems can achieve 100% of their
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ultimate strength when cured at temperatures between 40 and 50 C in less than 6 hours
[63].
One of the biggest concerns with CACs is the inevitable process known as conversion.
CACs go through a process known as conversion wherein the metastable hydrates,
CAH10 and C2AH8 convert to stable hydrates, C3AH6 and AH3 [61]. These reactions are
given in equations 1.4 and 1.5 [59].

2𝐶𝐶𝐶𝐶𝐻𝐻10 → 𝐶𝐶2 𝐴𝐴𝐻𝐻8 + 𝐴𝐴𝐻𝐻3 + 9𝐻𝐻

3𝐶𝐶2 𝐴𝐴𝐻𝐻8 → 2𝐶𝐶3 𝐴𝐴𝐻𝐻6 + 𝐴𝐴𝐻𝐻3 + 9𝐻𝐻

(1.4)
(1.5)

These conversion reactions can occur slowly on the order of decades if the w/c is high
and the temperature is below 95 °F or in a few days if the w/c is low and the temperature
upon initial curing is above 150 °F [59]. Figure 1.2 represents the conversion process as a
function of both temperature and time. The hydrates generated in the initial reaction is
highly temperature dependent. Due to the high heat of hydration of CACs, large sections
will undergo conversion much faster as the mass concrete will retain the heat generated
from the hydration [61].
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Figure 1.2 Hydration reactions of monocalcium aluminate [61].
The conversion of pure CAC systems is associated with a loss of long-term
strength due to the nature of the stable hydrates [61], [63]. The stable hydrates are denser
than the metastable hydrates, resulting higher porosity [61]. This is especially true at
higher w/cm ratios of greater than 0.5. For this reason, CACs produced at a w/cm of ~0.4
decreases the loss of solid volume and, therefore, the porosity [61]. Formation of stable
hydrates as a result of conversion is an inevitable process, and this necessitates unique
long-term design considerations when utilizing CAC systems for structural members.
Figure 1.3 represents the strength characteristics of CAC over time for sections of
different size.

Figure 1.3 Schematic strength development of calcium aluminate cements at a water
cement ratio of about 0.4 [61].
Calcium Sulfoaluminate Cements: Calcium Sulfoaluminate Cement (CSA) is a low-CO2
producing cement made from calcium sulfate, limestone, and bauxite at a temperature of
1250 °C [64]. The production of clinkers rich in CSA does not require as much limestone
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or input energy when compared to the production of Portland cement clinkers [65]. These
cements contain belite (C2S), yeelimite or tetracalcium trialuminate sulfate (C4A3S� ) and
gypsum (CS� H2) as their primary phases [66]. Hydration characteristics of these cements

is primarily dependent on calcium sulfate and/or calcium hydroxide [62]. A mixture of
pure C4A3S� and water will form monosulfate (C4AS� H12) and aluminum hydroxide (AH3)

[62].

𝐶𝐶4 𝐴𝐴3 𝑆𝑆̅ + 18𝐻𝐻 → 𝐶𝐶4 𝐴𝐴𝑆𝑆̅𝐻𝐻12 + 𝐴𝐴𝐻𝐻3

(1.6)

The presence of calcium hydroxide and gypsum results in the formation of ettringite
(C6AS� 3H32) and more monosulfate, depending on the molar ratio. The reaction is written
as:

2𝐶𝐶4 𝐴𝐴3 𝑆𝑆̅ + 2𝐶𝐶𝑆𝑆̅𝐻𝐻2 + 52𝐻𝐻 → 𝐶𝐶6 𝐴𝐴𝑆𝑆̅𝐻𝐻32 + 𝐶𝐶4 𝐴𝐴𝑆𝑆̅𝐻𝐻12 + 4𝐴𝐴𝐻𝐻3

(1.7)

Systems interground with OPC and gypsum will produce ettringite alone [62],
[67]. CSA cements exhibit rapid strength gain and heat evolution primarily as a result of
ettringite formation. These systems can attain strengths of 20 MPa or greater in 3 hours
[62]. XRD analyses show the formation of ettringite 15-20 minutes after mixing, a
primary source of early-age strength [68]. The continuous increase of strength at later
ages observed in CSAs results from the hydration of other phases such as belite as gysum
is rapidly consumed [68].
Blended Cement Systems: Due to the various advantages and disadvantages of pure
alternative cement systems, most available products utilize a blend of different cement
chemistries to achieve a product that will meet the demanding requirements of PDRs.
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Systems made up of a blend of various cement chemistries result in a material with
unique hydration, strength` and durability properties. By harnessing the potential of
various systems, a fast-setting material with superior strength and durability properties
can be achieved.
For example, one of the benefits of producing a blend involving Calcium
Aluminate Cement (CAC) and Calcium Sulfate (CS� ) with OPC is the possibility of

eliminating conversion effects normally experienced by pure CAC systems. The

formation of metastable and stable hydrates is replaced with the early formation of
ettringite followed by calcium aluminate hydrates as well as hydrated phases normally
found in OPC

[69]. Figure 1.4 shows a comparison of the compressive strength

development of ettringite-based systems to that of OPC while also comparing it to a pure
CAC system. It can be observed that the ternary blend comprised of PC-CAC-CS� exhibits
both high early and long-term strength.
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Figure 1.4 Strength development of PC and CAC based systems [62].
1.2.3.2 Pavement Preservation Through Partial Depth Repairs. The FHWA Concrete
Preservation Guide details some of the field procedures for preparation of patch repairs
[53]. A partial-depth repair involves the removal of small sections of deteriorated
concrete that are then filled in with a suitable repair material. Proper preparation of the
substrate is essential to ensure that the repair boundary is appropriate based on the
condition of the concrete and to ensure an adequate bond between the existing concrete
and the repair area.
Repair Boundaries: The repair boundary is generally determined by “sounding” the
concrete with a steel rod, a heavy chain, or a ball-peen hammer [53]. A sharp metallic
ringing is associated with sound concrete as the impact energy is transferred almost
entirely back into the instrument used for sounding. A dull or hollow thud is associated
with unsound concrete as delaminated sections will respond to impact without
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transferring energy back into the sounding tool. The repair areas are marked keeping in
mind the minimum repair dimension requirements of 250 mm (10 in.) long and 100 mm
(4 in.) wide for cementitious materials. Because manufacturers often specify minimum
dimensions for their blends, those requirements should be adhered to as well. The FHWA
Concrete Preservation Guide recommends that the repair boundaries exceed the visibly
damaged or unsound area by 75 mm (3 in.)
Concrete Removal: After the repair boundaries are determined, the next step involves
removal of the deteriorated material. Most repairs involving cementitious binders should
be at least 50 mm (2 in.) deep to ensure volume and weight stability [53]. Most
proprietary blends will have a minimum depth requirement specified; these dimensions
should control the design considerations. There are several methods employed for the
removal of deteriorated concrete:
•

Saw-and-patch (Type 1 repairs)

•

Chip-and-patch (Type 1 and 3 repairs)

•

Mill-and-patch (Type 1 and 2 repairs)

•

Clean-and-patch (emergency Type 1 repairs)

•

Hydrodemolition (all types)

These procedures (except for Clean-and-patch) create a rough surface. A rough surface
exhibits a high surface area. This ensures that the bond area is maximized and that a
repair material is able to bond sufficiently.
Repair Area Preparation: When placing a PDR, it is essential that proper concrete
removal procedures have taken place to ensure an rough surface. Surface preparation
ensures that a sound, clean, and suitably roughened surface is achieved and that laitance,
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dirt, oil, films, paint, coatings, sound and unsound concrete, and other materials [3102R]. Surface roughness is one of the most important attributes of a prepared substrate
[70]–[72]. Many methods exist for measuring the degree of roughness [73]. According to
the ICRI, there are several methods that can be used to prepare a concrete surface for an
overlay, they are summarized in Figure 1.5.

Figure 1.5 Surface preparation measures and their resulting CSP values [74].
Once the area has been prepared, it must be cleaned to ensure debris generated
from surface cutting, grinding, or milling do not impact the bond performance. A
properly prepared surface ensures good bond development between the repair material
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and the existing substrate. Some of the methods for area preparation include dry
sweeping, light sandblasting, and compressed air blasting [53].
Joint Preparation: Joint repairs tend to be subject to compression failure. PDRs that
interact with transverse joints and cracks can undergo failure due to crushing when slabs
expand [53]. In addition, failure may occur when the material flows into the joint below
the bottom of the repair, preventing slab movement and proper joint function. Placing a
strip of compressible material such as polystyrene, polyethylene, asphalt-impregnated
fiberboard [53]. This type of inset is often referred to as a bond breaker or joint reformer
and prevents these failures. This strip also serves to provide a reservoir into which joint
sealant can be placed. In addition to preplacement operations, there are procedures that
must be taken after the rapid repair material has sufficiently hardened. Any PDR placed
across a joint or crack must have the crack reestablished by utilizing compressible
materials or saw cutting of the repair.
Bonding Agent Application Many rapid repair cements require the placement of a
bonding agent to ensure a strong bond is developed. Cement grouts are commonly used
but epoxy grouts can also be used for faster opening times. Prior to the application of
cement grout, the repair surface should be in a saturated surface dry (SSD) condition.
Manufacturers often specify preparation instructions.
Bond Zone and Dimensional Stability: One of the primary concerns with patch repairs
such as PDRs is the integrity of the bond zone at the interface of the repair material and
the existing substrate. The long-term effectiveness of a repair is limited by the quality and
durability of the bond zone [75]. For this reason, all bonded overlays are designed and
constructed in a manner that establishes a good bond between the substrate and the
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overlay [51]. The stresses experienced by a repair material are unique due to the
geometry of the bond zone between the repair and the existing substrate. Because is
essential that the existing pavement and the repair overlay behave as one structure to
achieve desired performance, the dimensional stability and movement related properties
must be understood [51].
Volume stability and drying shrinkage: Many cementitious materials undergo shrinkage
throughout their service life. Concrete can undergo volume reductions due to drying
shrinkage, especially in an exposed environment where temperature and moisture
fluctuations exist in addition to high levels of carbon dioxide from vehicle emissions. It is
important that the repair material exhibits a relatively low shrinkage compared to the
substrate so that high stresses do not develop at the bond zone. The shrinkage
compatibility of the substrate and the repair is critical in order to prevent premature
failure of the repair. Additionally, a repair material should be dimensionally stable
relative to the substrate [76]. Pure CAC systems experience drying shrinkage greater than
that of OPC systems whereas pure CSA systems experience drying shrinkage less than
that of OPC [77]. Figure 1.6 demonstrates this comparison. Blended systems will exhibit
various levels of shrinkage based on the particular chemistry of the mix.
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Figure 1.6 Length change of concrete prisms submitted to drying conditions [77].
Concrete utilizing a low water-to-cement ratio (w/cm) generally results in less
drying shrinkage. As a result, it would follow that utilizing a low w/cm in a rapid repair
material will result in less shrinkage. It has been observed, however, that high strength
and high-early strength concretes are more susceptible to cracking due to increased
autogenous shrinkage, increased stiffness, increased brittleness, and decreased creep [76].
These factors can be exasperated in rapid repair materials due to higher paste volumes
and a high rate of material property development.
Thermal Compatibility: Due to the need for dimensional stability of rapid repair
materials, it is important that a repair material has a coefficient of thermal expansion
(CTE) that is similar to that of the substrate [76]. OPC concrete exhibits CTE values
ranging from 4 to 7 µε/°F (8 – 12 µε/°C) [9]. Typically, the aggregate used in the mixture
will largely define the CTE of a mix as the aggregate represents the majority of the
volume content. Limestone aggregates have lower CTE values compared to siliceous
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aggregates [59]. Any proprietary blend utilized in a repair scenario needs to be evaluated
with the aggregate that will be used in the repair.
1.2.3.3 Deterioration Mechanisms. Concrete structures exposed to environmental
conditions are often subject to various deterioration mechanisms. The deterioration of
roadway infrastructure is widespread across the United States. Every four years, the
American Society of Civil Engineers (ASCE) rates the condition of American
infrastructure across all major categories in the form of a report card. The current state of
infrastructure scores a D+, with bridges scoring a C+ and roads scoring a D. There is a
need, therefore, to assess the long-term durability of both future and current
infrastructure. The usefulness of a repair technology to extend the service life of an
existing structure is limited by its durability characteristics. Corrosion of reinforcing
steel, shrinkage cracking, freezing and thawing, and chemical attack (such as chloride
ingress) are some of the primary deterioration mechanisms observed in concrete
structures. In all of these cases, water is either the primary damage initiator, or the
transport medium whereby damaging agents are transported through the pore matrix [78].
For this reason, deterioration mechanisms and their probability of occurrence are often
studied relative to the transport properties of concrete.
Freeze-Thaw Attack
Concrete exposed to temperatures above and below freezing are subject to
cracking and spalling as a result of tensile stresses that develop upon the freezing of
water existing in the pore structure. Joints are especially susceptible to cyclic freezing
and thawing due to the prevalence of moisture saturation in these zones [51]. Water
expands upon freezing, increasing in volume by approximately 9% [59]. The freeze-thaw
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durability of a cementitious system is largely based on the permeability and transport
properties of the material. The freezing point and amount of ice formed in the pore
structure of concrete is closely related with the volume, radius and size distribution of
pores [79]. A particular effect often observed in pavements in need of repair is the failure
of joints. This particular type of damage is observed as either crack development parallel
to the joint or spalling and cracking from the bottom of a saw cut to the surface of the
pavement [80]. Unfortunately, this type of damage is not often observed at the surface
until significant damage has already occurred.
It has been long observed that air-entrainment of concrete prevents premature
deterioration as the water absorbed in the concrete matrix is given room to expand into
the pore structure as it freezes [81]. While increasing the air content of concrete can delay
the initiation of freeze-thaw damage, it is evident that this measure alone cannot entirely
eliminate the possibility of premature deterioration due to the effects of cyclic freezing
and thawing [80], [81]. Figure 1.7 shows the cracking in saturated concrete subjected
freezing and thawing. The specimen shown was made using Type I portland cement with
an air entraining admixture to achieve an ~8% air content.
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Figure 1.7 Crack patterns of damaged specimens by freezing and thawing at low
magnification (SEM-backscattered, 15X) [78].
Alternative cement systems exhibit different freeze-thaw durability characteristics
due to their unique pore structures. In a study performed on various patch repair
materials, many of the systems did not perform satisfactorily, exhibiting a relative
dynamic modulus of less than 60% after 300 cycles [8]. In a report published for the
Texas Department of Transportation to evaluate the durability properties of alternative
cement binders, ASTM C666 was followed to obtain a “durability factor” for the various
cementitious materials used [59]. The durability factor prescribed by ASTM C666 is
given by:

𝐷𝐷𝐷𝐷 = 𝑃𝑃𝑃𝑃/𝑀𝑀

(1.8)

Where DF is the durability factor of the test specimen, P is the relative dynamic modulus
of elasticity at N cycles (%), N is the number of cycles at which P reaches the specified

46

minimum value for discontinuing the test, or the specified number of cycles at which the
exposure is to be terminated (whichever is less), and M is the specified number of cycles
at which the exposure is to be terminated.
1.2.3.4 Intended Outcomes of Pavement Rehabilitation Efforts. The primary objective
of a pavement rehabilitation program is to extend the service life of a structure without
incurring the cost of complete demolition and reconstruction. Pavements represent a
significant portion of transportation infrastructure, and the need for effective management
of these structures is critical [53]. Pavements that deteriorate significantly without
preservation measures being established and executed are likely to need major
rehabilitation and reconstruction at a much earlier time [53]. Rapid repair of existing road
infrastructure represents a serious budgeting issue in an era of ever-increasing traffic
demands. Pavement preservation measures may be practical for several reasons [53]:
•

Reduce water infiltration in the pavement structure

•

Prevent intrusion of incompressibles into joints of cracks

•

Correct localized distress

•

Improve slab support conditions

•

Improve load transfer capabilities

•

Improve smoothness and rideability

•

Improve friction

•

Reduce noise

•

Improve and manage the overall conditions of a pavement network
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In recent years, the principles of sustainability have been increasingly embraced
by transportation agencies and organizations, in which significant environmental, social
and economic factors are all considered in the feasibility and decision-making process
[51]. Pavement preservation as a measure to extend service life fits well into this
framework of sustainability as these measures have a reduced environmental impact,
provide social benefits (e.g., better ride quality, increased safety, reduced noise, shorter
lane closure times, etc.), and offer solutions that are cost effective when applied in a
timely manner using procedures that are effective The economic, environmental and
social benefits realized when utilizing concrete overlays as a preservation technique are
compelling. The procedures for designing concrete overlay systems have been
established by a number of agencies, including the American Association of State
Highway and Transportation Officials (AASHTO), the National Cooperative Highway
Research Program (NCHRP), the Portland Cement Association (PCA), the American
Concrete Pavement Association (ACPA), and various State departments of transportation
(DOTs) [51], [53], [74]
Highway maintenance crews spend a considerable amount of time and money
repairing partial-depth spalls with quick, but temporary solutions [54]. However, when
material selection and construction techniques are considered at the appropriate time
(level of deterioration) and at the proper locations, partial-depth repairs can be more cost
effective and can last 10 to 15 years or longer [54]. Considering these factors, there is a
growing need to develop a more comprehensive understanding of the alternative cements
used to repair pavements as well as the environments they are suited for.
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1.2.3.5 Evaluation of Repairs from a Bond Performance Perspective. The work
proposed is focused on developing an understanding of the behavior of the bond interface
between the existing substrate material and the repair layer through the implementation of
a novel testing plan. In particular, the effects of freeze-thaw cycles on the strength of the
bond zone will be assessed, and the usefulness of the testing method in capturing these
effects will be discussed. The current research surrounding partial-depth repairs has
included investigations on the freeze-thaw durability of bonded concrete systems [81],
[82]. However, research on the long-term performance of materials used for PDRs in the
field is limited [57]. The bond of a repair material to an existing substrate can be affected
by cyclic freezing and thawing. A study on the bond performance of OPC concrete
repaired with both concrete using type II cement and concrete containing microsilica
demonstrated that after 100 cycles, the bond strength had decreased by 85.6% and 61.2%,
respectively [82]. This study aims specifically address this this performance metric in
composite systems. Specifically, the development of a test method and evaluation of its
efficacy will be explored. The focus of this study is to assess a testing method for the
purpose of quantifying the freeze-thaw durability of partial-depth overlays after
successive freeze-thaw cycles.
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CHAPTER 2
MEANS AND METHODS

In this study, three different novel systems were explored. This chapter provides an
overview and discussion of both standardized, non-standardized, and adapted test
methods that pertain to determination of relevant properties of concrete or cement
composite systems. For testing methods that are more unique to a novel system, the
reader is directed to the individual chapters to find more specific information relevant to a
certain study. ASTM standards were adhered to where applicable, and adaptations were
made based on the needs of a particular study. Each manuscript outlines these adherences
and deviations in detail.
2.1

Materials

Cementitious composites refer to any system comprised of cement, water, and aggregate.
A novel cementitious composite (NCC) refers to a broad class of materials that have
material constituents and hydrated properties that are unique to ordinary portland cement
(OPC) concretes and mortars. A variety of unique materials can be employed in
cementitious composites in order to achieve desired fresh, mechanical, and durability
properties. In this chapter, the primary constituents of the NCCs used in this study are
discussed
2.1.1

Cementitious Binders

Cement is a dry material that is finely pulverized material that, when mixed with water,
develops exceptional binding properties [1]. The most commonly utilized cement is
portland cement, consisting of calcium silicates that are reactive, forming calcium silicate
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hydrates when combined with water that are responsible for the adhesive characteristics
of hydrated cement paste [1]. Ordinary portland cement (OPC) is a hydraulic cement
produced through the pulverization of clinkers consisting mostly of crystalline hydraulic
calcium sulfates in addition to a small amount of calcium sulfate and up to 5% limestone
[1]. In this study, novel cements are utilized as blends and are discussed more in detail
within each experimental work.
2.1.2

Aggregate Materials

Aggregate is any granulated material that has the properties suitable for cement
composites (concrete, mortar, or NCCs). Aggregates can be naturally or synthetically
derived, or can be generated from a manufacturing waste processes or construction and
demolition wase (CDW). Natural aggregates typically consist of gravel, crushed stone,
and sand. Coarse aggregate refers to aggregate with particles larger than 4.75 mm. Fine
aggregate refers to aggregate with particle sizes that are smaller 4.75 mm and larger than
75µm (No. 200 sieve).
The qualities of aggregate that are most important when considering suitability for
a concrete mixture include porosity, particle gradation distribution, absorption capacity,
shape and surface texture, crushing strength, and chemical composition (possible
deleterious substances) [1]. Aggregate materials can be tested according to the American
Society of Testing Materials (ASTM) standards. In the experimental studies presented
herein, the properties most essential in the qualification of aggregate include size
distribution (grade), dry-rodded unit weight (DRUW), relative density (𝑆𝑆𝑆𝑆), and

absorption capacity (%). These qualification standards are essential in the successful
design and casting of concrete mixtures.

51

2.1.2.1 Natural Coarse Aggregate. Natural coarse aggregates primarily come from
siliceous rock formations broken down by either natural or mechanical means. Gravel is a
class of aggregate materials which is derived from the natural disintegration of
weathering rock. Crushed stone is a product derived from mechanical crushing processes.
2.1.2.2 Fine Aggregate. Fine aggregate consists of particles between 75 µm - 4.75 mm.
Fine aggregate can either be produced by crushing processes or can occur naturally in the
form of sands, originating from natural geologic erosion processes. Fine aggregate is a
component of both mortar and concrete.
2.1.2.3 Recycled Concrete Aggregate. The processing and use of aggregates in the
construction industry represents a large sector within the production of concrete
materials. The quarrying of aggregates for new construction represents the expenditure of
a nonrenewable resource. Additionally, aggregates used in construction procedures for
both geotechnical, architectural, and structural purposes represent future CDW that
ultimately is landfilled. The construction industry represents a large input to waste
streams [31], [36]. For this reason, there is growing interest in the use of recycled
concrete as aggregate (RCA) in mixtures referred to as recycled aggregate concrete
(RAC). Although CDW from concrete elements is primarily concrete, mortar, stones, and
ceramics, there may also exist a range of contaminants including gypsum, asphalt, metal,
wood, paper, and plastic [1]. For this reason, the qualification of RCA in terms of
standard methods and practices is a significant challenge for engineers and practitioners.
In order to suitably use RCA in engineered materials, the composition of the material and
levels of contaminants present are just as important as parent strength characteristics.
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Contamination can lead to deleterious effects in strength development and can cause
durability concerns in the future.
RCA can be physically qualified and tested according to the accepted
methodologies set forth by ASTM. In the chapters that follow, the relevant ASTM
standards pertaining to coarse RCA are ASTM C127, C29, and C33 [83]–[85]. These
tests deal only with the physical properties of aggregate as all RCA discussed herein were
generated in the lab, with no contaminants present. When considering results from these
tests, some specifics of RCA become apparent. First, due to the existence of adhered
mortar, the density of the material is typically lower compared to natural aggregate.
Additionally, the adhered mortar phase is more absorptive than natural aggregate, making
the use of dry, unprocessed RCA a challenge due to the water absorption characteristics
of the mortar phase present. In addition to this, RCA has a higher rate of water
absorption, higher losses when subjected to the Los Angeles abrasion test, and a rougher
surface when compared against natural aggregate [1]. RCA is produced by crushing and
screening CDW with similar methods and equipment used for natural aggregate [1].

2.2

Qualification of Materials

The development of an engineered concrete or cementitious composite mixture design
requires knowledge of the material constituents. Of primary importance are the
cementitious and aggregate materials that comprise the composite. For cement, it is
essential that it is tested and analyzed for quality control as cement has a shelf life
dependent on the oxides that comprise it. Oxide analysis provides a means by which
cement can be qualified. For aggregates, different properties of importance arise.
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Aggregate qualification generally falls into physical and chemical classes. For the
purpose of this dissertation, the physical properties are assessed while the chemical and
contaminant properties were not explored due to the nature of the raw materials used in
each experiment. One of the first qualities of an aggregate that must be known in the
development of a mixture design is determining the size gradation, absorption capacity,
and packing characteristics of CA and FA. Most properties are considered for both CA
and FA except for the determination of dry-rodded unit weight (DRUW). The mixture
design process involves a previous determination of the properties discussed in this
section. Therefore, a successful concrete mix design typically involves prequalification of
material constituents in order to achieve the desired properties.
2.2.1

Determination of Grading Size Distribution of Aggregate

Aggregate grading describes the distribution of particle sizes along a range of sizes and is
best expressed as a curve. This can be achieved through the use of ASTM C33 [85]. This
aggregate qualification standard is unique in that it specifies qualities of both CA and FA.
This standard is especially useful in the designation of different classes of aggregates as
the standard itself defines a wide range of aggregate materials according to their grade
size distributions. This enables engineers, contractors, and researchers to use the same
designation language when specifying, discussing, and ordering aggregate materials for
use in concrete mixtures and other construction activities.
There are many reasons for providing specification of the grading limits as well as
maximum aggregate size (MSA). These properties have been considered to have a
primary effect on workability and cost of a proposed concrete mixture [1]. As an
example, aggregate grading has a marked effect on cement paste requirement. While
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higher packing densities result in a significant increase in the specific surface of
aggregate present in a concrete matrix, the decrease in volume of voids resulting from
packing makes each surface more available to the cement paste existing in the matrix. For
this reason, many high-strength concrete mixtures are predicated on achieving a very
high packing density, also referred to as the filler effect.
For FA, ASTM prescribes that sizes for FA are between 4.75 mm (No. 4 sieve)
and 75 µm (No. 200 sieve). The limits prescribed for fine particles lie mainly in the effect
of fine particles on workability, pumping ability, and bleeding. There are admixtures and
methodologies to reverse these effects, but ASTM recommends strict limits on the
amount of material finer than 150 µm in particle size. There are specific gradation limits
for FA, given by ASTM C33 given by Table 2.1 [85]:

Table 2.1 Grading Requirements for Fine Aggregate
Sieve Size (mm)

Percent Passing

9.5

100

4.75

95 to 100

2.36

80 to 100

1.18

50 to 85

0.6

25 to 60

0.3

5 to 30

0.15

0 to 10

0.075

0 to 3.0A,B

A: For concrete not subject to abrasion, the limit for material
finer than the 75-µm
(No. 200) sieve shall be 5.0 % maximum
B: For manufactured fine or other recycled aggregate, if the
material finer than the 75-µm (No. 200) sieve consists of the
dust of fracture, essentially free of clay or shale, this limit shall
be 5.0% for concrete subject to abrasion, and 7% maximum for
concrete not subject to abrasion
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For CA, ASTM has defined 15 size designations. These designations are
prescribed such that a particular class of CA falls within a distribution of values. Figure
2.1 shows a typical gradation curve for a #7 aggregate with the ASTM upper and lower
bounds shown.

Figure 2.1 Gradation curve for a #7 coarse aggregate.
2.2.2

Determination of Relative Density and Absorption of Coarse Aggregate

In the initial design development phase, an understanding of the density of materials and
packing densities is essential to develop a successful mixture design. ASTM C127
provides a methodology for obtaining the relative density (specific gravity) and
absorption of coarse aggregate (NCA and RCA in the studies presented) [83]. This
standard is unique in that the outcome of the testing phase produces two important
values. The test is performed by submerging a coarse aggregate sample in water for 24 ±
56

4 hours. This is done in order to saturate the pore structure available to external water.

Water is then dried from the aggregate particles before being submerged in water again to
determine the volume by water displacement. After this is done, the sample can then be
oven dried to determine its dry mass. Figure 2.2 shows the water displacement setup for
determination of relative density.

Figure 2.2 Immersion bucket for the determination of relative density of aggregate.
The relative density (specific gravity) of an oven dried sample is given by:
𝑆𝑆𝑆𝑆(𝑂𝑂𝑂𝑂) = 𝐴𝐴/(𝐵𝐵 − 𝐶𝐶)
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(2.1)

Where A is the mass of the oven-dry sample, B is the mass of the SSD sample in air, and
C is the apparent mass of the sample submerged in water. The relative density on a SSD
basis is given by:
𝑆𝑆𝑆𝑆(𝑆𝑆𝑆𝑆𝑆𝑆) = 𝐵𝐵/(𝐵𝐵 − 𝐶𝐶)

(2.2)

𝑆𝑆𝑆𝑆(𝐴𝐴𝐴𝐴𝐴𝐴) = 𝐴𝐴/(𝐴𝐴 − 𝐶𝐶)

(2.3)

The apparent relative density is given by:

The absorption capacity can be found using just two of the values determined, namely,
the mass of the oven-dry sample, 𝐴𝐴, and the mass of the SSD sample in air:
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴(%) = �

𝐵𝐵 − 𝐴𝐴
� × 100
𝐴𝐴

(2.4)

From a mixing and batching perspective, the information given by this test is useful in
determining the correct water amount to add such that the desired w/cm is achieved. It is
advised to run a minimum of three samples for each type of aggregate. Additionally,
ASTM suggests that for aggregates that express a wide grade distribution, tests on
specific grade ranges can provide more accurate results [83].
2.2.3

Determination of Relative Density and Absorption Capacity of Fine

Aggregate
Similar to ASTM C127, ASTM C128 provides a means for determination of the relative
density and absorption capacity of FA. This method involves the use of a flask and a
pycnometer, distinguishing it from ASTM C127 methods. This test method seeks to
provide the same values as in C127.
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The sample is first dried in the oven before being air dried to room temperature.
Moisture is added and allowed to penetrate for 24 hours. The water is then decanted with
care to avoid loss of fines and an inaccurate test result. The sample is then placed and
spread on a nonabsorbent surface and exposed to a current of gentle, warm air. While this
is done, the sample is periodically moved around to ensure even drying. This is done
through mechanical means such as tumbling and stirring until the sample loses
cohesiveness or flows adequately. Once SSD is presumably achieved, the sample is
placed in a mold and lightly tamped before removal. Removal of the mold and
subsequent slumping of the material is considered a condition achieved at SSD.
The measurement phase involves partial filling of a pycnometer with water before
introduction of 500 g of SSD FA. After this, water is added until 90% capacity is
reached. Air bubbles evolved are removed through agitation. Further vibration is used to
evacuate all excess air. The temperature is then brought to 23.0 °C. The pycnometer is
then filled to the calibrated capacity before the total mass determination. The material is
then removed and oven dried, and cooled at room temperature for 1 hour before the mass
is once again recorded. The relative density given by the gravimetric procedure is:
𝑆𝑆𝑆𝑆(𝑂𝑂𝑂𝑂) = 𝐴𝐴/(𝐵𝐵 + 𝑆𝑆 − 𝐶𝐶)

(2.5)

𝐴𝐴 is the mass of the air-dried specimen, 𝐵𝐵 is the mass of the pycnometer filled with water

too the calibration mark, S is the mass of the specimen at SSD, and 𝐶𝐶 is the mass of the

pycnometer filled with the specimen and with water to the calibration mark. The
absorption is found with the same values described and is given by:
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴(%) = [(𝑆𝑆 − 𝐴𝐴)/𝐴𝐴] × 100
59

(2.6)

2.2.4

Determination of the Bulk Density of Aggregate

While the density and grade of both fine and coarse aggregate can provide essential
information from a mix design perspective, understanding how CA arranges itself when
compacted in a fixed volume is of primary importance when developing a concrete
mixture design. For this reason, ASTM C29 provides a method by which the bulk density
(unit weight) of aggregate is found. The bulk density is a representation of the air void
space that is left when aggregates are packed together. The bulk density is usually about
80% lower than the relative density of the aggregate found through the use of ASTM
C127.
This test method is a simple determination and involves few instruments. The
standard references three methods by which the sample is compacted and measured. For
the purposes of the experimental studies presented herein, method A was appropriate as
none of the aggregates used in these experiments utilized aggregate with a nominal MSA
larger than 1 ½ in. First, the CA is placed in a container of a known and fixed volume.
The weight of the cylindrical container at the time of testing is determined, and much like
the procedures set forth by ASTM C31[86], the sample is dry-rodded 25 times in 3 lifts.
This action is meant to simulate the packing structure achieved when air voids are instead
filled with cement paste or mortar. The determination of bulk density, referred to in the
experiments herein as DRUW, is given by:

𝑀𝑀 = (𝐺𝐺 − 𝑇𝑇)/𝑉𝑉

(2.7)

𝐺𝐺 is the mass of the sample with the measuring container, 𝑇𝑇 is the mass of the measure,
and 𝑉𝑉 is the volume of the measure.=
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2.2.5

Determination of Cement Oxides

In all studies, the cement oxide analysis is provided. For the qualification of cement, an
oxide analysis as prescribed by ASTM C150 was carried out by an external testing
laboratory [87]. These analyses were used for qualification only. For novel systems that
were proprietary in nature, an oxide analysis was not procured due to the premixed state
of the materials.
2.2.6

Qualification of Novel Materials

In this study, novel cementitious composites are studied that fall outside the typical
standards of concrete mixture design. In particular, the use of a laboratory made RCA for
use in RAC is studied. Due to the nature of the RCA used in this study, ASTM standards
relevant to the qualification of RCA for possible deleterious chemicals were not explored.
When qualifying the physiological properties of RCA, it is important to note that due to
the nature of the mortar phase existing on RCA, the absorption capacity, SG, DRUW will
all be affected. Typically, RCA will have a significantly higher absorption capacity but a
slightly lower SG and DRUW. This is expected as the mortar phase has a lower density
than that of CA.

2.3

Mixture Design Development and Mixing Protocols

In the experiments that follow, different mixture designs were utilized. In Chapter 3, a
fiber based mortar mix utilizing polymer fibers is tested. In Chapter 4, 10 different mix
designs based on the ACI 211 procedure are developed [88]. Finally, Chapter 5 examines
a composite material comprised of both an OPC concrete and a repair mortar. For the
development of the mortar mix design in Chapter 3 and a laboratory made mortar utilized
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in Chapter 5, a volumetric basis for mixture design development is employed. In all
studies, special attention to ASTM standards was followed in order to produce a
repeatable testing matrix.
2.3.1

Mixture Designs

The particular mix designs presented herein are described in detail within individual
manuscripts. For concrete mixtures, ACI 211 [88] was followed for the proportioning of
material constituents in a concrete mixture. The material properties testing required for a
mixture design as per ACI 211 were carried out according to the relevant ASTM
standards. For mortar mixtures, a proportioning of sand to cement of 1:2.75 by mass was
used, given by ASTM C109 [89]. In all studies, trial mixtures were performed before a
testing phase was established.
2.3.2

Mixing Procedures

For all specimens made in this study, ASTM standards were followed. For the mixing of
concrete, ASTM C192 [90] was adhered to. This standard specifies the types of molds
permissible for making laboratory specimens, as well as some of the handling techniques
employed for making samples. Specifically, protocols on layering of material lifts,
rodding and vibration are provided. Also states in this specification are the storage
requirements for the material constituents (cement, aggregate, and admixtures). This
standard specifies a mixing procedure that involves addition of some of the mixing water,
admixture, and coarse aggregate before a three minute mixing, during which the fine
aggregate, cement, and water are added to the mixture. After this initial mixing, a resting
period of three minutes is prescribed followed by a two minute final mixing. For the
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mixing of concrete, a six cubic ft. Marshalltown® with a 25 RPM drum rotation speed
was utilized.
For the mixing of mortar, ASTM C305 was observed [91]. This standard specifies
the use of an electronic epicyclic style benchtop mixer outfitted with a steel paddle.
These mixers impart rotation on two different axes. The mixing process described in this
standard involves the addition of water to the mixing bowl, followed by addition of
cement and mixing at a slower speed (140 rpm). After 30 seconds of mixing, the entire
quantity of sand is added over a 30 second period. The mixer is then stopped and changed
to medium speed (285 rpm), and mixed for 30 seconds. A sitting period of 90 seconds is
then prescribed, with scraping of material on the side of the mixing bowl re-incorporated
over a 15-second period. Finally, the mortar is mixed for 60 seconds. Where fibers were
used, they were added after the sand over an additional 30 seconds. For mixes with
moderate to high fiber content, mixing speed was changed to high for this period and for
the duration of mixing. For all mortar mixes, a 1/6 hp Gilson MA-52X ASTM compliant
bench top lab mixer was used, with a capacity of 5 quarts and variable speeds of 139,
285, and 591 rpm.
2.3.3

Casting of Samples

Various types of specimen molds were used in this study. All mold types except
disposable cylinder molds were prepared by applying Sika® form release 8000 with a
soft bristle brush. This was done to aid in demolding operations and is prescribed in the
relevant ASTM standards. Care was taken to ensure molds were clean and free of debris
before use. In cases where molds were constructed or used in a novel manner, templates
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were cut to a precision of .254 mm before constructing molds to ensure that ASTM limits
on dimensional variation were not exceeded.
In this study, disposable concrete cylinder molds measuring 100 x 200mm were
used for the determination of compressive and splitting tensile strength. For freeze-thaw
testing, reusable steel prism molds measuring 76 x 102 x 406mm were used. Wooden
prism molds were constructed such that three prisms measuring 40 x 40 x 160mm were
produced for the determination of flexural strength. Steel molds measuring 50 x 50 x 50
were used for the determination of compressive strength of mortar-based systems.
Concrete specimens were prepared according to ASTM C192 [90]. The process of
preparing a concrete specimen in the laboratory involves placing the material in “lifts”
and using a steel rod to tamp the concrete into the mold. The number of rod strikes
depends on the horizontal area of the mold. For cylindrical specimens, this involved
placement of the material in 2 lifts that were rodded 25 times each for a total of 50 tamps.
For prismatic specimens of reduced dimensions measuring 38 x 102 x 406mm, the
material was applied in 1 lift and rodded 32 times to meet the requirements set fourth by
ASTM.
Unlike the standards established for concrete specimens, the procedures for
placement and preparation of fresh mortar materials is prescribed within the standards of
mortar specimens for both compressive and flexural specimens. For all mortar mixtures,
these standards were followed. Compressive mortar cubic specimens were prepared in
accordance with ASTM C109 [89]. The placement prescribed in this standard involves
the use of a rubber tamp in 8 sections within an individual specimen mold with a total of
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32 tamps. For flexural mortar specimens, a similar method is used, applying three rounds
of four tamps in each quadrant of the specimen mold.
2.3.4

Fresh Properties of Concrete

In this study, the fresh properties of concrete were performed according to relevant
ASTM standards. Results from these tests were used both for both experimental data
analyses and mixture qualification in trial mixing phases. The slump of concrete was
determined according to ASTM C143 [92]. This testing method provides an evaluation of
the fresh mix from a workability perspective. Material is placed in three lifts consisting of
25 tamps for each lift into a conical stainless-steel cone that is clamped to a wide base.
The contact surfaces are moistened prior to placement of material and assembly of the
mold. Once the material is filled, excess is removed by striking before the cone is
unclamped and lifted over a period of 5 ± 2 s. Once this is done, the slump is measured
by inverting the conical mold and resting it on the available surface of the mold. A rod is
placed on top of the mold as a reference point. The measurement between the bottom of
the rod and the top of the displaced center of the conical concrete mass. Figure 2.3 shows
a sample of concrete immediately after the slump cone is removed.
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Figure 2.3 Slump of concrete.

2.4

Curing Procedures

ASTM C511 prescribes the requirements for curing hydraulic cement composites in
moist rooms or water storage tanks [93]. In all studies, the method of curing chosen was
saturated lime immersion at 23°C. This was achieved by utilizing stainless steel troughs
outfitted with automatic temperature control units. These units were made by utilizing a
temperature regulated outlet control with a 1500 W coil-based immersion heater. Calcium
hydroxide was used as prescribed by ASTM and added to the water until the saturation
point. This prevents the water bath from leeching of calcium hydroxide from the
specimens. Specimens were placed in the tank 24 hours after initial curing in all
experiments.
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2.5

Mechanical Properties Testing

In all studies, mechanical strength was considered a primary qualification method for trial
mixtures, and a quantification of the outcome of various experimental inputs. The
compressive strength of concrete is an important material property, and this study
includes determination of compressive strength, flexural strength, and splitting tensile
strength. This section outlines the protocols used for determination of strength metrics.
2.5.1

Compressive Strength

The compressive strength of concrete, 𝑓𝑓′𝑐𝑐 , is a primary qualifying measure for concrete.

ASTM C39 provides a methodology for determining the compressive strength of
cylindrical concrete specimens [94]. This test method serves as a qualification for
concrete mixture designs in terms of the evaluation of the efficacy of certain admixtures,
mixing procedures, proportioning practices, etc. In order to ensure repeatability, ASTM
sets limits on the dimensionality of specimens, loading rate, and variation of results. In
the preparation of testing cylinders, it is essential that adherence to the standard is
maintained across all samples of a data set in order for the results to be verifiable. Proper
conditioning after demolding is essential, especially for moist-cured specimens. Figure
2.4 shows a cylindrical specimen post failure according to ASTM C39.
For cement composites including only fine aggregate, ASTM C109 prescribes the
methods for testing specimens in compression [89]. Protocols similar to those established
in ASTM C39 are addressed.
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Figure 2.4 Concrete specimen post compression according to ASTM C39.
2.5.2

Flexural Strength

The flexural strength of concrete is an important property in the context of plain and fiber
reinforced concrete. In this study, fiber reinforced mortar prisms were studied. The
flexural strength of mortar based specimens is given by ASTM C348 [95]. This standard
provides guidelines on loading and specimen preparation and placement. It is required
that the loading be controlled between 2500-2800 N/min. In this study, a displacementbased protocol was adopted as a modification to the standard. Figure 2.5 shows a fiber
reinforced cement composite undergoing testing according to ASTM C348.

68

Figure 2.5 Flexural loading setup based on ASTM C348.
2.5.3

Splitting Tensile Strength Testing

ASTM C496 prescribes the methods for determination of splitting tensile strength of
concrete cylinders [96]. This testing standard involves application of a diametrical
compressive force aligned with the cross section of the cylindrical specimen. Failure is
initiated in tension, causing a plane to open, splitting the specimen in half. ASTM C496
prescribes the preparation and placement methods for performing the test, requiring wood
bearing strips to distribute load along the specimen evenly, and a loading rate of 0.7 to
1.4 MPa/min. Attention is given to the positioning of the specimen such that the load is
transferred directly through a plane bisecting the specimen. The tensile strength is given
by:
𝑇𝑇 = 2𝑃𝑃/𝜋𝜋𝜋𝜋𝜋𝜋

(2.8)

𝑃𝑃 is the maximum applied load, 𝑙𝑙is the length of the specimen, and 𝑑𝑑 is its diameter.
Figure 2.6 shows a specimen after undergoing testing according to ASTM C496.
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Figure 2.6 Cylindrical specimen after testing according to ASTM C496.
2.5.4

Tensile Pull off Testing

Concrete overlay systems can be qualified according to their placement abilities, setting
time, compressive strength development, dimensional stability, and bond strength. In this
study, the tensile pull-off strength is considered, with a modified testing setup. ASTM
C1583 prescribes the methods for preparing and testing partial depth cores for tensile
pull-off strength testing [97]. This method is performed by preparing the concrete surface
prior to core drilling and attachment of a steel dolly that is attached to a tensile loading
device. In the preparation of a surface for pull-off testing, it is essential that proper
preparation techniques are employed. A grinding tool is used to prepare the surface
before core drilling activities to ensure adhesion of the epoxy to the dolly. Next, the core
drill is performed to a depth of at least 1.27 cm below the bond zone, ensuring
engagement of the bond zone. A steel dolly is then epoxied to the core, allowing
sufficient curing time. Figure 2.7 shows a field specimen prepared for pull-off testing,
and the specimen after pull-off strength testing.
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Figure 2.7 Field specimen prepared for pull-off testing (left) and post pull-off testing
(right).
2.6

Durability Properties Testing

In Chapter 5, durability of a substrate-overlay system in the presence of freeze-thaw
cycling is examined. Freeze-thaw is a serious deterioration mechanism that can lead to
delamination, spalling, and loss of mechanical strength [80], [81], [98], [99]. The impact
of freeze-thaw on concrete specimens in the laboratory is quantified in terms of both
mass loss and resonant testing methods in order to determine the durability. This measure
of concrete durability is intended to serve as an indicator of internal microcracking
damage as well as delamination of the surface.
2.6.1

Freeze-Thaw Cycling

Frost action in concrete causes “freeze-thaw” deterioration and is an important damage
mechanism that must be considered in the development of mixture designs for areas that
experience temperatures that fluctuate between freezing and thawing more than a few
times a year. ASTM C666 prescribes protocols for subjecting samples of various
dimensions to freeze-thaw conditions [100]. Like other durability-based tests, ASTM
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C666 prescribes an aggressive cycling regime that serves to cause damage over a much
shorter time scale than would exist in the field. An insulated chamber, outfitted with a
freezing table and internal heating strips is used in order to achieve temperature changes
in concrete specimens in a short period of time. ASTM C66 prescribes two procedures;
procedure A involves submersion in water for the entire duration of the test whereas
procedure B involves rapid freezing in air and thawing in water. In this study, procedure
A was considered, wherein specimens are placed in a tray with water and are kept
saturated for the duration of the test. Specimens were removed at prescribed cycles and
tested for mass, dimension, and resonant frequency response.
In this study, a Humboldt® 3186S Freeze-thaw machine with a capacity of 17
prisms measuring 76 x 102 x 406mm (this includes the control prism) was utilized. The
machine works by referencing a single prism that is prepared in the laboratory with an
embedded temperature probe capable of measuring internal temperatures of concrete
specimens. The machine is capable of completing a freeze-thaw cycle within 3.5 – 6
hours and is intended to be hands free for the duration of the testing period. Saturated
specimens were brought to thawing temperatures before being placed in the specimen
trays within the chamber and filled with cold water. Trays were cleaned and the machine
emptied at the end of each cycling period.
2.6.2

Impact Resonance Testing

ASTM C215 prescribes testing methods relating to determination of fundamental
longitudinal, transverse, and torsional resonant frequencies of cylindrical and prismatic
cement composites [101]. These values are used in the determination of dynamic
Young’s modulus of elasticity, dynamic modulus of rigidity, and dynamic Poisson’s
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ratio. In this study, prisms comprised of two different systems were considered, and the
fundamental transverse frequency response was considered. ASTM C215 considers two
methods of obtaining resonant frequencies; impact and forced resonance. In this study,
the impact resonance method was used.
Impact resonance involves striking a specimen with a rigid metal or plastic
impactor, capable of exciting the highest measurable resonant frequency. An
accelerometer is attached to different locations on the specimen, depending on the
resonant frequency mode desired. A waveform analyzer records and interprets the
vibrational output of the specimen, providing an output of fundamental frequency
response. The impact is performed successively until the measurement deviates by less
than 10% for successive impacts.
In this study, a Humboldt® HC-3177 resonance test gauge was used to determine
the fundamental frequency responses. This device interfaces with Windows based
systems and takes inputs of specimen weight and dimension. Figure 2.8 shows the us of
this guage for the transverse mode.

Figure 2.8 Impact resonance testing according to ASTM C215.

73

CHAPTER 3
EFFECT OF COLD PLASMA TREATMENT OF POLYMER FIBERS ON THE
MECHANICAL BEHAVIOR OF FIBER REINFORCED CEMENTITIOUS
COMPOSITES

3.1

Introduction

Additions of fibers to concrete systems have long been known to improve concrete
durability, increase ductility, and improve overall cracking resistance of concrete [2]–[4].
Several types of fibers exist that can improve concrete performance, including steel,
polymeric, and glass fibers. While steel fibers tend to offer the best performance in terms
of mechanical properties improvement, polymeric fibers can also increase performance at
a significantly lower cost [11]. Therefore, finding ways to improve the performance of
concrete made with polymeric fibers, without significantly increasing cost, may provide
significant economic benefits as well as performance improvements.
3.1.1

Fiber-Reinforced Cementitious Composites

Fiber-reinforced concrete composites (FRCCs), which refer to concrete mixtures
containing randomly dispersed fibers within a concrete matrix, have been researched and
developed over the past 50 years. Due to the low tensile strength characteristics of
conventional concrete, the inclusion of fibers with a high tensile strength enhances the
ductility and cracking characteristics of the composite. These enhancements are achieved
by restraining crack openings when mechanical loading or environment cause stresses
that exceed the cracking stress of the cementitious materials. Fibers engage with the
concrete matrix once it is cracked by arresting crack propagation, thereby greatly
improving the strength and ductility of the concrete [5]. The inclusion of fibers can also
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mitigate damage resulting from shrinkage effects [6]. FRCC also offers the benefit of
improved durability to deterioration mechanisms such as carbonation [7]. The use of
synthetic fibers manufactured from naturally occurring macromolecules and synthetic
polymers as reinforcement for cementitious materials has been adopted as an alternative
to steel and glass fibers due to their effectiveness and relatively low cost [23].
3.1.2

Polymer Fibers

Polymer fibers offer advantages over glass, steel, and other fiber types due to their low
density, flexibility, ease of production, and relatively low cost [8]. Due to the nature of
their long-chain chemical structure, their surface properties can make their bonding
potential in a concrete matrix incompatible with engineered concrete systems [8]–[10],
especially when compared to more expensive steel fibers. For this reason, polymer fiber
surfaces are often tailored to allow them to perform better with a composite fiberreinforced concrete system. Two of the most common fiber types are polypropylene (PP)
fibers and polyvinyl alcohol (PV) fibers. These two fiber types impart different
mechanical and durability characteristics to a concrete matrix. PP fibers are effective in
controlling general cracking due to various types of shrinkage, whereas PV fibers are
more effective in structural applications where a high fiber modulus is required [11].
3.1.2.1 Polypropylene Fibers. Concrete reinforced with PP fibers at conservative
volume fractions (1–2% by volume) has demonstrated increases in flexural and impact
strengths, respectively, of up to 21% and 17% compared to unreinforced concrete [6],
[15], [22]. Naaman et al. researched PP fibers in concrete and demonstrated that PP fiber
concrete specimens compared very well to steel fiber-reinforced concrete in terms of
impact resistance, which is measured in the number of blows required to create cracking
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[18]. Many researchers have noticed only small changes in compressive strength at fiber
volume fractions of 0.1–0.5% [5], [19]–[21]. PP fibers have also been effective at
controlling plastic shrinkage cracking in concrete through reductions in total crack area,
maximum crack width, and the total number of cracks [13], [16], [17] It has been
demonstrated that smaller fiber volume fractions ranging from 0.1 to 0.3% are effective
in reducing plastic shrinkage cracking [13].
3.1.2.2 Polyvinyl Alcohol Fibers. PV fibers have shown effectiveness in enhancing the
ductility and toughness of concrete as well as preventing sudden brittle failure [13], [16],
[17]It has been observed that the compressive strength of concrete can be improved
depending on fiber geometry and content [24]. PV fibers exhibit a higher strength and
elastic modulus than that of PP fibers [10]. The high ductility and toughness exhibited by
PV fibers make them adequate for use in high-performance composites such as
Engineered Cementitious Composites (ECC) [10]. PV-ECC offers many of the strength
and performance advantages of steel fibers, but typically at a much lower cost when
compared to the use of steel or PE fibers [10], [25]–[27] PV fibers exhibit a high
interfacial chemical bond, frictional stress, and slip-hardening characteristics in a
cementitious matrix [26]. The high chemical bonding of PV fibers in a cement matrix is
due to the presence of hydroxyl groups found in their molecular chains [25]. Since PV
fibers are hydrophilic, the affinity of the hydroxyl groups to the water in the surrounding
cement hydrates creates a strong and continuous bond around the fiber [28]. The bonding
capability of untreated PV fibers is such that interface tailoring is required to make PV
fibers feasible for applications where high ductility is desired [10], [25], [26], [102].
Interface tailoring can be achieved through methods such as oiling and fly ash addition
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[10], [28], [102]. Interface tailoring of fibers serves to alter the hydrophilicity or
hydrophobicity of the fiber, therefore changing the fibers bond to the cement matrix as
hydrates form after the addition of mixing water [10], [25], [26].
3.1.2.3 Fiber Surface Treatment Influence. While the addition of different types of
fibers can result in improved mechanical performance and durability characteristics, the
surface characteristics of the fibers can limit these improvements. For this reason,
different surface treatment measures have been explored to maximize the benefits of fiber
inclusion, depending on fiber type [14], [25], [29], [30]. A study on cement paste
specimens reinforced with carbon fibers treated by silane, dichromate, or ozone
demonstrated that these three different treatment methods all improved the tensile
strength, modulus, and ductility of the specimens [30]. The effectiveness of treating
carbon fibers with silane was attributed to the hydrophilicity imparted by silane [30].
Another study on the effectiveness of ozone treatment of carbon fibers also found that the
surface modification imparted by ozone treatment improved the bond of the fibers to the
cement matrix due to improved wettability of the fibers [29]. Some fibers require
treatment to inhibit their bonding potential, rather than enhance it. PV fibers, for
example, tend to rupture instead of pulling out due to high chemical bond to the cement
matrix, eliminating the ductility benefits of fiber inclusion [10], [25]. Fiber oiling has
been shown to improve the tensile strain capacity by inhibiting the hydrophilicity of the
fiber surface [25]. While many different surface improvement and modification
techniques have been attempted with fibers, the authors are not aware of any studies, to
date, that look at how cold plasma treatment of polymeric fibers used in FRCC systems
may impact performance compared to standard polymeric fibers.
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3.1.3

Plasma Treatment of Polymer Fibers
This study explores the use of cold plasma treatment on PP and PV fibers. A

plasma exhibits various interaction mechanisms with surfaces based on the strength of the
plasma generating and sustaining electric field applied, the active charged plasma species
such as electrons and ions, the created reactive atoms and molecules such as reactive
oxygen and nitrogen (RONs) species, emission photons such as ultraviolet light, and the
time span at which the surface is subjected to the plasma. Polymer surfaces exposed to
extreme plasma conditions will continuously degrade due to the combined effects of
chemical and physical etching [8]. Cold plasma surface treatment has been shown to
modify the adhesion and wettability of metallic and polymeric materials, while
minimizing negative impacts on the bulk properties that can result from high
temperatures [103], [104]. Additionally, the use of cold plasma in the activation of
polymer aids in increasing mechanical strength by increasing the bonding potential of the
fibers to the surrounding matrix [103]. The effects of plasma treatment on a polymer are
determined by variables such as gas composition, plasma conditions, ions, electrons, fast
neutrals, radicals and VUV radiation, which contribute to etching, chemical activation
and/or cross-linking [8]. The full extent to which cold plasma impacts different types of
polymers is not well understood, though it is known that cold plasma can impact, in
particular, how water behaves on the surface of the polymer.
A study on the surface modification of polyethylene terephthalate fibers (PET)
induced by the action of radio frequency (RF) low pressure (0.2 bar) plasma treatment in
some standard gases of either helium (He), argon (Ar), or molecular nitrogen (N2)
showed an increase in hydrophilicity, accompanied by discernable etching and the
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implantation of oxygen and nitrogen-containing polar groups as a function of treatment
[9]. Hydrophilicity refers to the affinity a surface has to water. Figure 3.1 shows the
difference between a hydrophobic and a hydrophilic fiber. Hydrophilic fibers can adsorb
mixing water and potentially allow cement hydrates to create a better bond with the fiber,
causing less ductile behavior if bond-slip is not permitted before fiber failure.
Hydrophobic fibers will not adsorb water and will interact mainly by means of
mechanical bonding rather than chemical bonding. Polymer surface modification can
impact the bonding mechanisms of fibers by altering the wettability characteristics [104].
Not only can this have an effect on local w/cm, but it can also change the interaction of
hydration products with the fiber surface.

Figure 3.1 Water droplet adhesion on hydrophobic (a) and hydrophilic (b) fiber.
In the present work, the effects of an atmospheric air cold plasma treatment on
two polymer fiber types are investigated. This study aims to examine the differences in
mechanical behavior in fibers treated with different lengths of cold plasma treatment
times. The primary goal is to examine the effects of plasma treatment on the post-peak
load-carrying capacity of PP and PV fiber-reinforced mortar specimens in compression
and flexure. As described, PV and PP fibers are generally effective in different
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applications: PP fibers are generally effective in shrinkage crack restraint, while PV
fibers are effective where superior mechanical strength is desired. This study aims to
assess both polymer fiber types using the same cold plasma treatment and testing scheme
by studying not just the peak stress, but also the post-peak capacity of the system. The
post-peak capacity of a mortar specimen reinforced only with fibers is related to the bond
of the fiber to the matrix, so these mechanical strength tests will provide insight into how
both types of fibers behave in both untreated and treated forms. Both fiber types
experienced the same treatment regimens, from 0 to 120 s of treatment in 30 s
increments. This work provides a preliminary understanding on the viability and
usefulness of cold plasma treatment of PP and PV fibers. The novelty of the presented
work is evident by the paucity of existing literature describing (1) the impact of cold
plasma treatment on polymeric fibers and (2) how cold plasma treated polymeric fibers
impact properties of FRCC systems. While several different fiber treatment regimes have
been studied, cold plasma treatment is a novel method for modifying polymer fibers.
Studying this is important because cold plasma treatment is a low cost, easily scalable
process that can be implemented during the manufacture of polymeric fiber

3.2
3.2.1

Materials and Methods

Fibers and Plasma Treatment of Fibers

In this investigation, the surfaces of the fibers were treated with a non-equilibrium
atmospheric pressure, low temperature (cold) plasma jet as demonstrated in Figure 3.2.
The cold plasma was created using UHP helium (He) feed gas to initiate and sustain in
standard pressure and temperature (STP) air [33]. The He input flow was at a rate of 5.00
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standard liters per minute (SLPM). As shown schematically in Figure 3.2 (a), the applied
oscillating electric field was generated with a specialized high voltage (HV) alternating
current (AC) power supply set at the voltage of 10.8 kVpk-pk at a frequency of 27.4 kHz,
continuously measured with an oscilloscope. The total effective average input electrical
power ranged from 15 to 20 Watts. As seen in Figure 3.2 (b), the plasma jet effluent
extended out approximately 8 cm allowing for direct interfacing of the cold plasma with
the polymer fibers. Similar cold plasma jets to the one used in this investigation have
been used to treat various materials ranging from organic material surfaces such as
bacteria to botanicals as well as inorganic material surfaces [105]–[107]. These sorts of
cold plasmas over the last decade have demonstrated a wide versatility for technological
applications leading to various new plasma-enabled products and plasma-assisted
technologies [108]–[111]. This work contributes to this growing body of knowledge by
investigating a potential new plasma-enhanced material of polymer fibers used in fiberreinforced cementitious composites.
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Figure 3.2 (a) Schematic of the experimental setup used to generate and monitor the
continuous operation of the cold plasma jet in atmospheric air. (b) Measurement picture
of side-by-side comparison of a centimeter (cm) ruler to the cold plasma jet effluent used
to treat the polymer fibers.
Two fiber types were used in this study: PP and PV. The PP and PV fibers
measured 2.5 and 1 cm in length, respectively. Both fiber types were plasma treated at
different time intervals. The fibers were placed on a 22.5 cm diameter cardboard disk in a
single layer. The disk was then moved around in a random fashion under the action of a
stationary atmospheric air room temperature cold plasma jet for a measured time interval.
Fibers were held approximately 5 cm from the plasma jet effluent during treatment. The
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treatment process is shown in Figure 3.3. Fibers were subjected to the cold plasma jet
treatment for 4 different time intervals: 0 s, 30 s, 60 s, and 120 s.

Cold plasma jet

Figure 3.3 Cold plasma treatment process.
3.2.2

Cement Materials

A type I/II Portland cement, as defined by ASTM C 150/C150M [87], was used for the
prisms and cubes cast in this study. An oxide analysis of the cement is presented in Table
3.1.
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Table 3.1 Cement Oxide Analysis
Oxide

Amount

Na2O

0.21

MgO

2.75

Al2O3

3.73

SiO2

20 .50

P2O5

0.22

SO3

2.9

Cl

0 .05

K2O

0.77

CaO

62.43

TiO2

0.19

Cr2O3

0.06

MnO

0.23

Fe2O3

3.34

CuO

*

ZnO

0.14

SrO

0.22

ZrO2

*

LOI**

*

Total

100

*not detected
**accounts for loss due to C, CO2,
H2O, OH, organic compounds and/or
other
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3.2.3

Aggregates

A granitic sand was used as the aggregate in mortar prisms and cubes cast in this study.
The sand used in the present study was sourced from New Jersey, USA. The aggregate
had a relative density of 2.62 and an absorption capacity of 0.57, when tested according
to ASTM C128 [112], and its gradation complied with requirements of ASTM C33 [85].
3.2.4

Mixture design and Casting

Mixtures were cast using a water to cement ratio (w/cm) of 0.45 to ensure adequate
workability with fiber addition. Both PP and PV mixtures used the same w/cm to ensure
comparable results. The ratio of cement to fine aggregate ratio was chosen to be 1:2.75
by mass following guidance making and testing mortar specimens in ASTM C109 [89].
The mixture designations used in this study are described in Table 3.2 along with the type
and amount of fiber used, cold plasma treatment time, and w/cm.

Table 3.2 Mixture Design
Mixture
reference

Fiber type

Fiber amount
(volume %)

Treatment time
(s)

Control

N/A

2%

N/A

PP0

Polypropylene

2%

0

PP30

Polypropylene

2%

30

PP60

Polypropylene

2%

60

PP120

Polypropylene

2%

120

PV0

Polyvinyl Alcohol

2%

0

PV30

Polyvinyl Alcohol

2%

30

PV60

Polyvinyl Alcohol

2%

60

PV120

Polyvinyl Alcohol

2%

120
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Mortar was mixed in a countertop planetary mixer fitted with a 5 L bowl following
the procedure outlined in ASTM C305 [91]. A modification of the standard was made to
ensure a homogenous distribution of fibers in the mix. The fibers were introduced in
small portions during the 30 s mixing period prescribed by the standard, followed by an
additional 30 s of mixing to ensure dispersion of the fibers in the mix.
After mixing, mortar cubes measuring 50 × 50 × 50 mm were cast for compression
in stainless steel molds, which was carried out in accordance with ASTM C109 [89].
Prisms measuring 40 × 40 × 160 mm were cast in wood molds lined with plastic to create
specimens for flexure testing, which was carried out in accordance with ASTM C348
[95]. Prisms and cubes were removed from their molds 24 h after curing and were placed
into a saturated lime solution. Prisms and cubes were cured for 35 days in a saturated
lime solution at 23 ± 4 °C prior to testing.
3.2.5

Mechanical testing

In this study, compression and flexure tests were performed on fiber-reinforced mortar
specimens using the same testing machine. Cubes were tested in compression, while
prisms were tested in 3-point flexure. An Instron 5980 Universal Testing System outfitted
with a 100 kN load cell was used to test all specimens giving outputs of load response as
well as stress, according to the geometry input of the specimens. All testing was
performed using displacement-based loading protocols, which are described in greater
detail in the following sections. Failure conditions were specified in the data acquisition
software based on dummy specimen testing, which showed no appreciable load-carrying
capacity changes beyond 2 and 3 mm of crosshead displacement for compressive and
flexural tests, respectively.
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3.2.5.1 Relevant equations and testing parameters. In order to ensure the repeatability
of the present study, ASTM standards for compression and flexure were followed as part
of the testing scheme[89], [95]. The post-peak load response was analyzed at the same
displacements across the test matrix in order to capture the effects of varied fiber
treatment times on the load response of the specimens.
ASTM C109 prescribes the procedures for testing mortar cubes in compression [89].
The test method provides a limit on the loading rate of 900–1800 N/s. The displacement
rate prescribed resulted in a load rate well below this limit. According to ASTM C109,
mortar cubes undergoing compression undergo stress according to the formula:

𝑓𝑓𝑓𝑓 = 𝑃𝑃/𝐴𝐴

(3.1)

Where:
fm = compressive strength in psi or [MPa]
P = total maximum load
A = cross sectional area
ASTM C348 prescribes the procedures for testing prisms in flexure. According to this
standard, prisms undergoing flexure in three-point bending undergo stress according to
the formula [95]:

𝜎𝜎 =

3𝑃𝑃𝑃𝑃
2𝑏𝑏𝑑𝑑 2
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(3.2)

ASTM C348 gives a simplified formula based on the prescribed geometry of the
specimens used in the test in MPa [95].

𝑆𝑆𝑓𝑓 = 0.0028𝑃𝑃

(3.3)

Where:
Sf = flexural strength , MPa
P = total maximum load, N
The displacement rate prescribed in all tests resulted in a loading rate that was well below
the 2640 ± 110 N/min limit given in the standard.
3.4.5.2 Compressive Specimens. Compressive strength testing was carried out
according to ASTM C109 [89] using a displacement-based loading protocol. For the
mortar cubes without fiber reinforcement, a displacement rate of 0.25 mm/min was
applied until failure, when the capacity dropped to 25% of the peak load capacity. For the
fiber-reinforced specimens, a displacement rate of 0.25 mm/min was applied up until
post-peak displacement, when the load response dropped to 40% of the established peak
load. Once the load response dropped to 40% of the peak load, an increased displacement
rate of 0.75 mm/min was applied until failure, which was determined as when the
residual load capacity was approximately 10% of the peak load and continually
decreasing.
3.2.5.3 Flexural Specimens. Flexural strength testing was carried out according to
ASTM C348 [95] using a displacement-controlled protocol in 3-point flexure. The span
between the bottom roller supports was 120 mm. The point load in the middle was kept
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perpendicular to the prism by allowing free rotation of the roller. The distance between
each support and the point load was measured on each side using a digital caliper to
ensure that the point load was acting at the midpoint of the clear span. A schematic and
image of the loading scheme is shown in Figure 3.4 (a). For the prisms without fiber
reinforcement, a constant displacement rate of 0.125 mm/min was applied until failure.
For all fiber-reinforced mortar specimens, a load rate of 0.125 mm/min was applied up
until post-peak, when the load response was 40% of the established peak load. Once the
load response dropped to 40% of the peak load, an increased displacement rate of 0.4
mm/min was applied until failure. Failure was defined as the point where the specimen
was visibly split, and any additional capacity was from residual fiber bonding to the
mortar matrix.
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(a)

(b)

Figure 3.4 a&b: Midpoint loading setup for 40 x 40 x 160 mm flexural mortar prisms.
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3.3
3.3.1

Results

Compression Response of Specimens

The compression testing results are presented in Figure 3.5 and 3.6 as stress vs. crosshead
displacement. Due to the nature of the force–displacement curves generated in this study,
representative force–displacement curves from the dataset were selected to aid in
improving comparison of results. Six specimens were produced from each mixture type;
a representative curve from each mixture type was chosen for presentation in Figure 3.5
and 3.6. Force-displacement curves for all specimens are presented in the Appendix.
Figure 3.5 (a) shows the results for all PP specimens, while Figure 5 (b) shows the results
for all PV specimens. Both PP and PV fiber specimens were plotted with the control
shown (no fiber addition). The effects of fiber treatment times can be observed by
comparing stress response at the same levels of displacement. Figure 3.6 (a) and (b) show
a comparison between PP and PV specimens with the same treatment times. This enables
a visual comparison between the load response of PP and PV fiber specimens as well as a
comparison of the loading curves between two different treatment times.
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Figure 3.5 Stress-strain curves for compressive PP (a) and PVA (b) fiber specimens at
various treatment times.
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(a)

(b)

Figure 3.6 Comparison between stress-strain curves for compressive PP and PVA
specimens at various treatment times (a & b).
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When analyzing the results obtained from this experiment, it was noted that none
of the fiber-reinforced compressive specimens reached the peak load obtained from the
non-fiber-reinforced (control) specimens. This effect is observed because the addition of
fibers, while improving the energy absorption capacity and imparting post-peak strength,
introduces voids into the concrete matrix that decrease the peak load capacity. The PVA
fiber specimens exhibited a higher post-peak load response compared to that observed for
the PP fiber specimens which can be seen in Figure 3.6 (a) & (b).
The maximum compressive stress, 𝜎𝜎max is presented in Table 3.3. This shows

that the inclusion of fibers, while adding residual post-peak load carrying capacity,

decreases the maximum load. This is due to the fact that fibers create discontinuities
in the mortar matrix. While some mixes approached the same peak stress, the
inclusion of fibers decreased 𝜎𝜎max in all cases.
Table 3.3 Peak compressive strength (𝜎𝜎max)
Mixture reference
Control

𝜎𝜎_max (Mpa)

51.90

PP0

47.95

PP30

46.03

PP60

46.22

PP120

47.30

PV0

48.14

PV30

50.87

PV60

50.69

PV120

46.79
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Figure 3.7 shows the load capacity of all compressive specimens at selected
displacements of 1, 1.5, and 2 mm relative to the peak load (Pδ/Pmax).It was observed that,
at 1.0 mm of crosshead displacement, the untreated and 120-second treated PP fiber
specimens had an increased post-peak load carrying capacity when compared to the 30second and 60-second treated fiber specimens. Similar to the observed response with the
120-second treated PP fiber specimens, the 120-second treated PVA fibers exhibited the
highest post-peak load carrying capacity when compared to the other sets. However, the
difference in post-peak behavior becomes less pronounced at 2.0 mm of cross-head
displacement indicating, with all systems that included fibers having similar Pδ/Pmax. The
PVA compression tests exhibited variable peak displacement and load response, so the
post-peak behavior was not subject to the same degree of comparison as the PP fiber
specimen sets. The effects of plasma treatment on compressive specimens is more
difficult to evaluate in terms of load response due to the various stress states experienced
by a fiber within a compressive specimen. Because the failure is not dominated primarily
by the progression of tensile failure as is the case in most flexural specimens, the effect of
plasma treatment is not as pronounced as in flexural specimens discussed in the next
section. Therefore, these preliminary results do not indicate that cold-plasma treatment of
fibers will provide a benefit to the compression performance of fiber reinforced
composites.

95

Figure 3.7 Ratio of force at various displacements vs. peak force.
3.3.2 Flexural Response of Specimens
The flexural results are reported as force vs. displacement in Figures 3.8 & 3.9. Due to
the nature of the force–displacement curves generated in this study, representative f–d
curves from the dataset were selected to aid in better comparison of results. Six
specimens were produced from each mixture type; a representative curve from each
mixture type was chosen for presentation in Figures 3.8 & 3.9. Force–displacement
curves for all specimens can be seen in Appendix ?. Figures 3.8 (a) & 3.9 (a) show the
flexural force–displacement behavior of all PP and PV fiber specimens plotted against the
control out to the final recorded displacement of 3 mm. While some tests were performed
to greater displacements, the results were tapered to capture the effects of treatment
across the test matrix. Figures 3.8 (b) & 3.9 (b) show load–displacement curves to a
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displacement of 0.4 mm to provide a better visual distinction between the initial loading
curves. The PV fiber specimens exhibited a higher overall post-peak load capacity
compared to the PP fiber specimens across the test matrix. The results indicate that at
displacements of 0.75 and 1.0 mm, PP fibers exhibited increased residual load capacity as
a function of treatment time, with the untreated specimens having higher load responses.
This observed effect could have resulted from less pull-out due to improved adhesion to
the mortar matrix when subjected to cold plasma treatment. Following the results of a
study on plasma treatment of polypropylene surfaces, the action of a cold plasma can
alter the adhesion and wettability properties based on the interactions between input
voltage, treatment time, and flowrate [29]. Each increase in treatment time was associated
with a higher residual load capacity at the analyzed displacements of 0.75 and 1.0 mm,
for PP specimens. At greater displacements, the differences in the results were not
notably different, and the variability between post-peak displacements was small,
indicating that regardless of treatment, higher post-peak displacements are consistent.
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Figure 3.8 Force-displacement plots for flexural PP and PVA fiber specimens at various
treatment times.
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(a)

(b)

Figure 3.9 Force-displacement plots for flexural PP and PVA fiber specimens at various
treatment times.
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The treated PV fiber specimens all exhibited a marked increase in residual load
capacity when compared against the load response for the untreated specimens. In the
case of the PV fibers, the PV30 and PV60 show the highest increases in residual load
response, with a decreased residual capacity occurring for the PV120 specimen. The
results indicate that both PP and PV fibers respond in some way to treatment, exhibiting
differences in residual load-carrying capacity.
Figure 3.10 shows the results from both fiber types to provide a visual distinction
between the mechanical response of the PP and PV fibers. Due to the nature of the force–
displacement curves generated in this study, representative force–displacement curves
from the dataset were selected to aid in better comparison of results. Six specimens were
produced from each mixture type; a representative curve from each mixture type was
chosen for presentation in Figure 3.10. Force–displacement curves for all specimens can
be seen in Appendix ?. Two treatment times are shown in each graph, providing a visual
comparison of load response between two treatment times. The results clearly indicate
that PV specimens are superior to PP specimens in adding strength. The PP fiber
specimens do not exhibit a pronounced reloading curve like the PV specimens, but rather,
maintain a steadily decreasing residual load branch after dropping to roughly one-third of
the peak load capacity.
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Figure 3.10 Force-displacement plots comparing flexural PP and PVA fiber specimens at
different treatment times.
Figure 3.11 shows a summary of results for the residual load capacity (N) at the
selected displacements of 0.75, 1.5 and 2.5 mm. This bar graph shows data for all flexure
specimens examined and provides visual distinction between the residual load capacities
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of each specimen. A positive relationship between treatment and load response can be
clearly seen in the PP specimens for treatment times of 0.75 and 1.5 mm of crosshead
displacement. At each increase in treatment time, the load response at 0.75 and 1.5 mm
increases. As the crosshead displacement reaches higher values, the relationship is less
distinguished for PP specimens. For the PV specimens, at 0.75 and 1.5 mm of crosshead
displacement, all specimens exhibited an increase in post-peak load capacity when
compared to untreated fibers. At greater displacements, the differences in the results were
not as significant.

Figure 3.11 Residual load capacity at various displacements for all flexural fiber
specimens.
These results indicate that the post-peak behavior under flexural loading of fibers
can be improved through the use of cold-plasma treatment of fibers. Initial results show
that this impact may be more pronounced for PV fibers compared to PP fibers. It is
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recommended that future work study the performance of cold plasma-treated PP fibers in
shrinkage applications to understand if there is a more significant impact in that type of
damage condition. Despite this, some performance enhancement of post-peak behavior
was observed with treated fibers.
Based off of what is currently understood about how plasma treatment affects fibers,
the impact of the treatment on the performance of the fibers was most likely due to a
change in the hydrophilicity of the surface of the fiber. Treatment may have created a
better bond structure around the fiber providing better post-peak performance under
flexural loading. It was not in the scope of the current study to examine these changes,
however. Future work is recommended, based off of these preliminary results, to study
the mechanism through which cold plasma-treated fibers enhance performance. This
should be carried out through a study of the surface properties of the fibers before and
after various treatment lengths. Additional studies on the local microstructure around the
fibers in cementitious composite systems will show the impact that the treatment may
have had on microstructural development of the cement matrix around the fibers.
3.3.3 Influence of Treatment Time on Variability in Strength
Figure 3.12 and 3.13 show scatter plots of Pδ/Pmax vs. treatment time for each specimen
type. The standard deviation of Pδ/Pmax values at various displacement increments,
𝜎𝜎

𝑃𝑃𝛿𝛿
𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚

is presented for all specimens considered in the dataset. Loading curves were

considered outliers by means of graphical data selection if the loading curves exhibited
poor specimen seating or non-uniformity with the rest of the data.
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Figure 3.12 Scatter plots showing treatment time vs. Pδ/Pmax for compressive
specimens.
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Figure 3.13 Scatter plots showing treatment time vs. Pδ/Pmax for flexural specimens.
Two observations can be seen when examining the results shown in Figures 3.12 &
3.13. First, variability in Pδ/Pmax was high at low displacement levels, regardless of
treatment time. This can be seen through the high amount of scatter of the blue circles.
Variability was high at these low displacements because the strength at these
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displacements was more highly controlled by the matrix strength rather than the fiber’s
contribution to the flexural response.
As displacement increased, the variability of Pδ/Pmax decreased, regardless of
treatment time. The decrease in standard deviation of 𝑃𝑃𝛿𝛿 ⁄𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 �𝜎𝜎

𝑃𝑃𝛿𝛿
𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚

� at higher

displacements was likely due to fibers taking on more stress during the softening branch
of the loading curves for both compression and flexure. As the fibers engage with the
mortar matrix, the capacities of mortar specimens at increasing displacements are
controlled by the tensile properties of the fibers, as well as the pull-out characteristics of
the fibers when the surrounding matrix cracks. Assuming a homogeneous fiber mix was
achieved, the variability of the load response post-peak was more consistent than in early
stages of cracking, which is confirmed by the decreasing standard deviation with
increasing displacement measurements.

3.4. Discussion
Based on the load-displacement behavior of the test matrix, it is evident that the crackbridging action of the fibers contained in the mortar matrix changes as a function of
treatment time. Further study is needed to assess the statistical significance of fiber
treatment times on load displacement response. This results from higher bonding
potential imparted by cold plasma treatment. Short plasma treatment times of polymers
have been observed to modify surface properties and cause mainly outer chain scissions,
while longer times or more intense treatment can result in inner chain scissions [6]. A
scission is a break in an otherwise long chain molecule. Due to the relatively low
intensity of plasma treatment used in this study, it is only considered that surface effects
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imparted by treatment change the mechanical response of the specimen set. The results
from this study were consolidated in order to provide analysis on specimens that
exhibited the average response overall.
Polypropylene and Polyvinyl Alcohol Fibers both enhanced the mechanical behavior
of mortar specimens when compared to unreinforced specimens. Due to the relatively
high fiber volume content, the peak load for all fiber types was observed to be lower than
that of the unreinforced specimens due to the defects introduced by fiber addition. For the
flexural tests, both fiber types exhibited post peak strain hardening behavior, with the
PVA fibers having much more pronounced strain hardening branch once the fibers were
engaged when compared to PP fibers. Overall, the observed response of the specimens in
this study suggest that cold plasma treatment positively alters the bonding potential and
interaction between the fiber surface and the mortar as a function of treatment time.
Further study is needed to assess the specific bonding mechanisms that result from
treatment, and whether or not treatment permanently alters the bonding potential of
polymer fibers.

3.5. Conclusion
The results for each specimen type can be summarized as follows:
1. Compressive PP specimens and PVA specimens did not exhibit a strong
relationship between treatment time and post peak capacity, however it was
observed that the longest treatment time was associated with a higher residual
load capacity during strain softening
2. Compressive PVA specimens exhibited higher peak strength as well as superior
post-peak response on the strain softening branch of the load-displacement curve
3. Flexural PP specimens exhibited a strong correlation between treatment time and
post peak load capacity, exhibiting mild post peak strain hardening behavior
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4. Flexural PVA specimens showed a mild correlation between fiber treatment time
and post peak load capacity, exhibiting a strong post peak strain hardening branch
5. Cold plasma treatment imparts some change in polymer fibers, possibly resulting
from etched surfaces, causing higher potential to bond within a cementitious
system
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CHAPTER 4
IMPACT OF RECYCLED CONCRETE AGGREGATE PARENT STRENGTH
ON PROPERTIES OF RECYCLED CONCRETE AGGREGATE

4.1

Introduction and Background

Sustainability is a primary concern in the production of concrete. The concrete industry
uses large amounts of raw materials, represents a large amount of energy consumption for
its production, transport, and use, and produces large volumes of waste during demolition
at end-of-life [31]–[33]. Construction and demolition waste (CDW) arises from
construction as well as partial or total demolition of infrastructure elements, disaster
debris, and road planning and maintenance activities [32]. Civil infrastructure produces a
large amount of CDW both during the construction and demolition phases of their
lifecycle [36]. While specific data on total amounts range, the EPA estimates that in 2018
alone, 145 million tonnes of CDW was produced in the US [34]. CDW is primarily dealt
with through landfill disposal, spurring legislation to reuse this form of waste [35].
Despite the availability of more sustainable waste management techniques, CDW still
continues to be generated from raw material input and landfilled in significant quantities
without prior treatment [36]. CDW is a very important category in the waste sector and
needs to be considered as approaches to managing and preventing waste are becoming
more essential in developing a sustainable future [113]. As production of concrete
increases across the globe, high quality natural aggregate sources are being rapidly
depleted as aggregate constitutes the largest volume fraction as a component of concrete
[35]. Due to these issues, as well as increasing concerns over the environmental toll
caused by the depletion of natural aggregate resources, the use of recycled concrete as
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aggregate in new concrete has great potential in the construction sector as a sustainability
practice [35]–[37]. Furthermore, the impact of natural aggregate and landfill depletion
coupled with high emissions associated with the generation and use of portland cement
are paramount sustainability issues in the construction industry [38].
Using recycled concrete aggregates (RCA) in new concrete can maximize the
economy of CDW and reduce landfill waste [39]. Additionally, utilizing highly available
CDW offers a sustainable opportunity for new construction. According to RILEM [31],
three classes of RCA exist identified as Types I, II, and III. Type I & II consist primarily
of masonry and concrete refuse, respectively. Type III consists of a blend of recycled
aggregates (20% maximum) and natural aggregates (80% minimum). RCA is made by
processing concrete and masonry debris from CDW into aggregate for use in recycled
aggregate concrete (RAC). A two-stage crushing approach is generally used, followed by
screening and removal of deleterious debris and contaminants [35]. RCA can be
conceived as a two-phase material; the original aggregate phase and the adhered mortar
from the old concrete [114]. Processing used concrete of varying properties and
contaminants into aggregate for new concrete is an engineering challenge requiring the
cooperation of policy makers, engineers, and scientists. With an approach that is
proactive, the problem can be addressed using techniques and facilities tailored to the
recovery, recycling, and repurposing of concrete and general construction waste [115].
There are many challenges when considering the use of RCA in RAC. Currently,
there are is a need to establish robust technical specifications for using RCA in
engineered structural concrete components [39]. ACI 318 allows the use of RCA, but
there is limited guidance on it’s use [40]. Although RAC can reach high strength levels,
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many standards limit the use of RCA or RCA replacement percentage due to deleterious
contaminants [39]. Other issues with the use of RCA are related to the perception, from a
client and engineering perspective, of the material being sub-standard as well as a lack of
fiscal incentives [32]. Additionally, a lack of infrastructure surrounding the use of RCA
makes the environmental benefits and efficacy of RCA use unclear [32] This is mainly
due to RCA processing requiring techniques that are unique when compared to typical
aggregate processing. One of the primary concerns with RCA is that compared to NA, it
exhibits a lower density and a higher porosity, leading to strength and durability concerns
in structural RAC components [41]. One study into the viability of using RAC for
structural elements demonstrated higher probabilities of failure due to the variability
inherent to RCA [42]. Although there exists more variability and thus less reliability in
the replacement of NA with RCA, it has been shown that design and application of RCAs
in practice is feasible, with some adjustments needed to employ standard design
processes [43], [44]
Research on the effect of RCA on the realized properties of an RAC system have
focused on mechanical properties such as compressive strength, spitting tensile strength,
flexural strength as well as transport properties related to durability behavior. One of the
primary concerns with RAC is the potential for reduced strength capacity and durability.
In terms of compressive strength, some studies report that RCA quality ultimately
determines the strength of the resulting RAC [35], [45]. One study maintains that RAC
always achieves lower strength and that variations in strength is determined by the
maximum size of RCA in the mixture [46]. Others have reported that with increasing
RCA replacement, compressive strength is reduced, requiring a modification of mixture
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design to achieve a target strength comparable to a NAC of the same material constituent
proportions [46], [47]. Finally, some studies maintain that RAC can achieve the same
strengths as a similarly designed NAC when the RCA is of high quality and other mix
design factors are kept consistent [35], [45], [48], [49]. While some authors have reported
28-day compressive strength for RAC made from various sources of RCA, there is
limited information on the effect of various parent strengths at varying replacement levels
on the compressive strength of RACs at different curing ages.
Analysis of SEM images can shed light on the mechanical and transport
properties of concrete. In NAC, there exists an ITZ between the aggregate and the bulk
paste that exhibits a different composition than the rest of the bulk paste. In RAC, there
are two unique ITZs; the original ITZ inherent to the RCA, and a new ITZ existing
between adhered mortar phases on RCA particles and the new mortar phase. It is
important to quantify the difference between the old ITZ and the new ITZ. One study by
Li et al. established that the new ITZ is more densified than the old ITZ, with a high
concentration of crystalline calcium carbonate structures covering the surface of the RCA
[116]. Another study found that high performance concrete (HPC) RCA was related to a
denser ITZ between the old and new mortar compared with normal strength concrete
(NSC) [20].
In order to address the previously outlined gaps in the literature, this study aims to
quantify the effect of parent strength as well as adhered mortar content on the strength of
an RAC mixture. An experimental testing program is used to evaluate parent strength and
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adhered mortar effects on RAC compressive strength, and results are analyzed. SEM
imaging is also used as a basis for which to visually analyze the properties of both NAC
and RAC originating from the same material constituents.

4.2

Experimental Program

In this study, two types of concrete systems were made: parent concrete, for processing
into RCA, and RAC, made by replacing varying amounts of coarse aggregate (CA) with
the laboratory-made RCA. RAC mixtures were developed utilizing lab made RCAs that
were crushed and processed from three unique parent concrete mixtures with varying
mixture design properties. The three parent concrete systems, denoted as PC1, PC2, and
PC3 had compressive strengths of 22.9, 35.7, and 40.1 MPa, respectively. ACI 211 [88]
was used as a basis for both the parent concrete design as well as the RAC mixture
design. For the RAC mixture design, a w/cm of 0.45 and a target strength of 35 MPa was
designated. The base mixture design was used to set the constituent proportionalities
equal, varying only CA and RCA by volume. By varying both the RCA source and CA
replacement percentage, nine mixture designs resulted. Figure 4.1 visually represents the
testing matrix for the study. The control group was the same RAC mixture design but
with 100% CA. Since one RAC mixture design was devised, an identical cement content
and w/cm was achieved by keeping the mixture constituent proportions consistent across
specimen types. For all concrete made in this study, the same aggregate stocks were used.
The CA for both the lab made RCA and the resulting RAC was a well-graded #57
aggregate. Sika® ViscoCrete 2100 was used as a water reducer in all mixtures in order to
achieve acceptable workability of RCA based mixtures at higher replacement levels.
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Figure 4.1 Experimental program.
4.2.1

Aggregate Materials

The natural coarse and fine aggregates (NCA and FA, respectively) used in this study
were both natural granites manufactured from the same quarry. The RCA was obtained
by designing parent mixtures of 28, 35 and 41 MPa using the NCA and FA. The FA
grading fell within the acceptance limits according to ASTM C33 [85]. Table 1 shows the
properties of the natural aggregates used in the study found from ASTM C127 [83] for
NCA and ASTM C128 [117] for FA.
The Laboratory-made RCA was made by casting concrete samples in slabs and
allowing them to cure for 28 days before processing them. The slabs were broken into
pieces roughly 12 cm in diameter using a concrete breaker before being further crushed
using a jaw crusher. The crusher was adjusted such that the size gradation of the
aggregate fell within allowable limits as prescribed by ASTM C33 for #57 aggregate.
Table 4.1 shows the relevant properties of NCA and FA used in this study while Table
4.2 shows the properties of RCA used in the study using ASTM C127 [83] on each series
of RCA (PC1, PC2, PC3). Figure 4.2 shows the grading curves for the coarse RCA used
in this study. Grading measurements indicate that the RCA did not fall within the limits
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of ASTM C33 for a #57 stone for the PC1 and PC2 systems, with higher amounts of the
smaller material.

Figure 4.2 Gradation curves for RCA with ASTM C33 limits shown for a #57 stone.
Table 4.1 Properties of Natural Coarse Aggregates
Aggregate
Specification

Dry-rodded unit
weight kg/m^3

Relative
desnity (SG)

Absorption
capacity

Size gradation
(ASTM C33)

-

2.75

0.34

FA

1458

2.73

0.55

#57

Fine Aggregate (FA)
Coarse Aggregate
(NCA)

Table 4.2 Properties of RCA
Dry-rodded
unit weight
kg/m^3

Relative
desnity (SG)

Absorption
capacity
(%)

Compressive
strength
(Mpa)

Adhered
mortar (%)

PC1

1301

2.4

5.53

22.86

47

PC2

1271

2.4

5.71

35.86

52

PC3

1253

2.39

5.27

40.13

61

Aggregate
Specification
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4.2.2

Cement Materials

A type I/II portland cement, as defined by ASTM C 150/C150M [87], was used for the
specimens cast in this study. An oxide analysis of the cement is presented in Table 4.3.

Table 4.3 Cement Oxide Analysis
Oxide

Amount

Na2O

0.21

MgO

2.75

Al2O3

3.73

SiO2

20 .50

P2O5

0.22

SO3

2.9

Cl

0 .05

K2O

0.77

CaO

62.43

TiO2

0.19

Cr2O3

0.06

MnO

0.23

Fe2O3

3.34

CuO

*

ZnO

0.14

SrO

0.22

ZrO2

*

LOI**

*

Total

100

*not detected
**accounts for loss due to C,
CO2, H2O, OH, organic
compounds and/or other

116

4.2.3

Concrete Mixture Design

The mixtures in this study were designed to achieve the same proportion of aggregate by
volume in each mixture. This was done through the testing and qualification of the lab
RCA according to ASTM C29 and ASTM C127 [83], [84]. One of the In the mixture
designs, the dry rodded unit weight (DRUW) was assumed to be a weighted average of
the NCA and the RCA. This was a simple derivation conceived to circumvent the
inherent difficulty of attempting to measure a perfectly proportioned sample of combined
RCA/NCA for every replacement level and class of RCA. Since DRUW is a bulk density
measurement, it ultimately represents the density of the material in the presence of
particle voids existing between aggregates based on the materials packing tendencies. In
a physical sense, combined DRUW is dependent on the density and volume percentage of
each material phase present as well as the angularity and surface texture of each
aggregate type.
This formulation can be evaluated by the results of fresh property testing.
Theoretically, if the batched, 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 for an RAC mix is similar to the calculated

average, the results of the fresh property testing will reveal deficiencies in using this

methodology. Since the expected unit weight of mixtures deviated only slightly from the
experimental unit weight, this measure was deemed adequate.
Based on the findings of many studies [33], [41], [118], [119], prewetting of
aggregates to achieve a near-saturated surface dry state was done to ensure proper curing.
This step is essential in preventing workability issues related to CA replacement by RCA.
Since RCA consists of a mortar phase, it’s moisture capacity can be up to 10x that of NA.
When SSD is achieved in the RCA, the mix water will not be readily absorbed by RCA
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particles, leading to a more consistent mixture, and preventing workability issues arising
from local w/cm reductions. Additionally, the final workability can be considered a result
of particle roughness and angularity without the effects of water loss into RCA particles.
Table 4.4 shows the mix proportions for the control (NC) as well as all RAC mixtures.
Table 4.4 Mix Proportions of Concrete (kg/m3)
Name

RCA (%)

Cement

FA

NCA

RCA

Control

0

409

949

874

-

PC1-20

20

409

949

700

154

PC1-50

50

409

949

437

384

PC1-100

100

409

949

-

769

PC2-20

20

409

949

700

152

PC2-50

50

409

949

437

381

PC2-100

100

409

949

-

762

PC3-20

20

409

949

698

152

PC3-50

50

409

949

434

380

PC3-100

100

409

949

-

752

4.2.3.1 Methodology for Proportioning RCA by DRUW. The mixtures in this study were
designed based on the ACI 211 methodology [88]. Relevant aggregate design parameters
were found based on ASTM C127 [83], ASTM C29 [84], and ASTM C33 [85]. Due to
the density, shape, and gradation differences between the aggregates, the dry-rodded unit
weight (DRUW) varied between mixtures, affecting the overall mix design. The DRUW
for each mix was calculated according to the replacement level and the DRUW of each
coarse aggregate component (NA and RCA values). This methodology resulted in a
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predictable fresh unit weight. A weighted density of aggregates was used in calculation of
the mix design.
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = [(𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅 %) × 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑅𝑅𝑅𝑅𝑅𝑅 + (𝑉𝑉𝑁𝑁𝑁𝑁𝑁𝑁 %) × 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑁𝑁𝑁𝑁𝑁𝑁 ]

(4.1)

4.2.3.2 Target Fresh and Hardened Properties. The mixtures were designed such that
desirable workability and finishing could be achieved. This was primarily done by using
a superplasticizer. A target slump of 10 cm was desired for the control mixture. The
control mix was trialed in small batches to confirm the consistency of the mixture design
in obtaining the same slump between mixtures with the same design. This target slump
allowed the effect of increasing RCA replacement percentages to be more apparent than
if a lower target slump was used in the original mixture design. The same level of
superplasticizer was used across the test matrix to ensure that these effects could be
quantitatively compared. Although RAC at higher CA replacement levels often fails to
achieve a design strength based on specifications, a 34.47 MPa mixture was devised
based on ACI 211 [88] for all mixtures in the RAC series.
4.2.4 Testing
4.2.4.1 Slump and Unit Weight. The workability of RAC is an important factor when
designing mixtures with increasing replacement levels. RCA has been shown to decrease
the workability of fresh RAC [34], [35], [114], [120]. The same amount of
superplasticizer was used to allow for comparison across mixture types. To measure the
workability of the fresh RAC, the slump test was done according to ASTM C143 [92] for
each mixture type after discharging from the mixer, ensuring that the same time had
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elapsed between the start of the mix and the final discharge. The unit weight (UW) was
determined according to ASTM C138 [121]. Table 4.5 summarizes these values.
Table 4.5 Fresh Properties of RAC
Mixture
Designation

Slump (cm)

UW (kg/m^3)

NC

12.7

2387

PC1-20

14.0

2339

PC1-50

10.2

2307

PC1-100

8.9

2283

PC2-20

10.2

2339

PC2-50

10.2

2331

PC2-100

6.4

2291

PC3-20

12.7

2347

PC3-50

10.2

2323

PC3-100

5.1

2259

4.2.4.2 Mechanical Testing. The compressive strength of each specimen was determined
at days 7, 14, 28, and 90 after casting according to ASTM C39 [94]. The 28-day splitting
tensile strength was found according to ASTM C496 [96]. Three specimens were tested
for at each time period for each test method.
4.2.4.3 Adhered Mortar Volume. Three primary methods have been developed for
determining the adhered mortar content of RCA. These methods involve nitric acid
dissolution, freeze-thaw cycling, or thermal shocking [118]. The primary goal of each
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method is to attack the mortar phase attached to the parent aggregate while having the
capacity to measure the mass of the remaining aggregate phase. For this work, the
adhered mortar volume was determined using the thermal expansion method proposed by
Butler et al. [118].
The thermal shock method involves an initial weighing, 𝑚𝑚1 , and subsequent

soaking of the aggregate for 24 hours before being placed into a furnace at 700°C for two

hours. While the specimen is heating, a bucket is prepared with cold water and a large ice
block. The sample is immediately placed into the cold water, thermally shocking the
mortar phase. The mortar is removed by hand and light rubber mallet tapping. The
remaining aggregate phase is air dried for 24 hours before being weighed, 𝑚𝑚2 . The

adhered mortar content (AMC) is found by the formula:

𝐴𝐴𝐴𝐴𝐴𝐴(%) =

𝑚𝑚1 − 𝑚𝑚2
× 100%
𝑚𝑚1

(4.1)

Measurements were made for each series of parent concrete (PC1, PC2, and PC3)
with three samples each. The results of this testing are summarized in Table 4.2. Figure
4.3 shows an RCA specimen after thermal shock and before air-drying. The sample was
brought to the same moisture state before each weighing time.
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Figure 4.3 Adhered mortar content via thermal shock method: parent aggregate (left) and
adhered mortar (right).
4.2.3.4 SEM Imaging of ITZs. SEM Images were obtained using a Jeol 7900F Scanning
Electron Microscope. Only the PC groups at 100% replacement of CA were sampled to
capture the adhered mortar zones. The overall goal of the imaging was to observe
differences in the old ITZ in the RCA and the ITZ that forms between the AM and the
new mortar existing in the RAC system. Various resolutions were analyzed to capture
clear images of these interfaces between aggregate, old AM, and new mortar. Samples
were first cut on a Struers Minitom saw before being epoxy impregnated under vacuum.
Figure 4.4 shows the epoxy impregnated samples after being cut to size for the fine
polishing prior to SEM preparation. The first coarse polish was done on a Streurs Coarse
Polisher using isopropanol as a lubricating agent. Samples were prepared in order to
achieve planarity of the sample at all times, resulting in specimens that produce high
quality images.
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Figure 4.4 Epoxy impregnated samples for SEM imaging.
Fine polishing was done using an aerosol diamond polish with a solvent based
lubricant at a drip rate of 0.75 drip/sec. Cleanings were performed by placing the samples
in isopropanol inside an ultrasonic cleaner for 4 minutes. In addition to sample cleaning,
the polishing disk was fully cleaned with isopropanol to ensure that any epoxy resin,
diamond grits, and sample abrasions were fully evacuated before further polishing
occurred. The polishing consisted of 3 grits; 6 hours of a 9 μm grit, 3 hours of 5 μm grit,
and 3 hours of 1 μm grit.
Polished samples were prepared for SEM following the procedure for
nonconductive specimens. First, the samples were carbon coated and then then taped with
a conductive copper tape before being adhered to the sample holder using conductive
tape. This ensures that the electrons are dissipated across the specimen to reduce noise
and allow for imaging to take place. The imaging was done such that each image was
taken over a 30s sampling interval. This ensured a good quality image with low noise and
visibility of void spaces, and transition zones.
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4.3
4.3.1

Results

Mechanical Properties

The compressive strength, 𝑓𝑓′𝑐𝑐 , was determined at 7, 14, 28 and 90 days after casting for

all specimens. Figure 4.5 – 4.7 shows the compressive strength of all specimens grouped
by CA replacement level. For increasing PC strengths at a 20% NCA replacement by
RCA, there was a corresponding increase in resulting RAC strength up until 28 days. At
this age, the f’c of the control group was comparable to the 𝑓𝑓′𝑐𝑐 for of PC2-20. The PC120, PC2-20, and PC3-20 had 90-day compressive strength values that were 6, 14, and

12% greater than the control group, respectively. The PC2-20 specimens exhibited longterm strength comparable to the PC3-20, while the PC1-20 specimens had a lower 𝑓𝑓′𝑐𝑐 at

90 days. At the 50% replacement level (Figure 4.6), the f’c values were lower in every

case compared to the 20%. The PC1-50, PC2-50, and PC3-50 specimens had long term
compressive strength values that were 4.84, 12.2, and 7.01% greater than the control
group, respectively. At the 100% replacement level (Figure 4.7), the PC1-100 had
compressive strengths that were below the control group, the PC2-100, and the PC3-100,
at every age. The control group had higher compressive strengths compared to all RACs
at the 100% replacement level at 28 days. At 90 days, the PC2-100 and PC3-100 had an
increase in 𝑓𝑓′𝑐𝑐 compared to the control group of 12.26 and 3.42%, respectively. At the
same age, the control group had an 𝑓𝑓′𝑐𝑐 that was 9.22% greater than the PC1-100.
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Figure 4.5 Compressive strength results at various ages comparing all 20% RCA
replacement specimens.

Figure 4.6 Compressive strength results at various ages comparing all 50% RCA
replacement specimens.
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Figure 4.7 Compressive strength results at various ages comparing all 100% RCA
replacement specimens.
When comparing the test matrix by PC groups, other findings become apparent.
Figure 4.8 – 4.10 shows the compressive strength data presented in Figure 4.5 – 4.7,
grouped by PC types. For PC1 and PC3 RCAs, the resulting RAC exhibits a continually
decreasing strength from 20% to 100% replacement levels. For the PC2, the differences
in 𝑓𝑓′𝑐𝑐 values for a given age across all RCA replacement levels was small when
compared to PC1 and PC3. The largest standard deviation among this set of data was

𝜎𝜎𝑃𝑃𝑃𝑃2,90 = 1.2 MPa. The PC2 group showed little variability in strengths regardless of
increasing CA replacement, in contrast to PC1 and PC3, which both generally exhibited
marked decreases in strength at all ages for increasing CA replacement.
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Figure 4.8 Compressive strength results at various ages comparing RCA replacement
percentages for PC1.

Figure 4.9 Compressive strength results at various ages comparing RCA replacement
percentages for PC2.
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Figure 4.10 Compressive strength results at various ages comparing RCA replacement
percentages for PC3.
Figure 4.11 shows the splitting tensile strength results for all specimens in the
RAC series. The splitting tensile strength tests showed that at low RCA replacement
levels, the splitting tensile strength was comparable to the NAC. At levels of 50% and
100%, the splitting tensile strength was lower, except for the PC1 specimens, which had
splitting tensile strengths above the NAC up until the 100% replacement level. Overall,
the PC1 specimens exhibited higher values of splitting tensile strength when compared to
the PC2 and PC3 specimens. At the 100% level, the splitting tensile strengths were
consistent across all RACs, having a standard deviation, 𝜎𝜎𝑇𝑇 = 0.34 MPa.
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Figure 4.11 Splitting tensile strength at 28 days for all specimens.
4.3.2

Qualitative Microstructural Analysis

Figure 4.12 (a) shows the ITZ in a NAC specimen, while figure 4.12 (b-d) show the
original ITZs between the original NA and the adhered mortar from the parent concrete
for the PC1-100, PC2-100 and PC3-100 specimens, respectively. When observing the
NAC against the RAC, some visual differences arise. For the ordinary NAC, there were
discernible void spaces in areas 10-15 µm where porosity in the mortar phase was
pronounced. No cracking was observed in the NAC system and very little cracking was
observed in the adhered mortar of the RCA. In the NAC, the aggregate itself, while
displaying striations, was relatively free of cracking or voids and showed variations in
phases.

129

Figure 4.13 shows images of the interface between the new and old mortar in the
RAC series, referred to as the “new ITZ.” In Figure 4.13 (a), a crack progressing through
an old AM zone can be clearly seen bisecting an air void and extending into the new
mortar zone. Cracking in the natural aggregate phase can be observed in almost all RAC
images while this cracking does not exist in the NAC specimens. However, very little
cracking can be observed, in general, in the adhered mortar phase and new mortar phase
of all systems.
The ITZ existing between the adhered mortar and aggregate phase in the RAC is
noticeably more dense than the ITZ observed in the NAC. The ITZ gradient is more
obvious in the NAC than in the RAC specimens. The difference between the new mortar
and the adhered mortar can be observed through the grayscale difference between the
images. In the case of the old mortar, a lighter appearance indicates a more mature
hydration state with small voids filled in with cement hydrates. The new mortar takes on
a darker color with a grainier texture, indicating that at 90 days of hydration, the mortar is
still undergoing densification and small void spaces exist in the microstructure.
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Figure 4.12 500x images of ITZs for NAC (a), PC1-100 (b), PC2-100 (c), and PC3-100
(d).
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Figure 4.13 500x and 1000x SEM images of New ITZs for PC1-100 (a,b), PC2-100
(c,d), and PC3-100 (e,f).
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4.3.3

Adhered Mortar Volume and Workability

While many studies discuss the effect of adhered mortar content [34], [42], [45], [48],
[49], [120], [122] as an indicator of RAC properties, the overall amount of adhered
mortar existing in the RAC system is often not measured. Achieving accuracy on the
adhered mortar volume of the total RAC system requires knowledge of the parent
concrete mixture design and the relative densities of the material constituents. In this
study, this determination was possible. The adhered mortar volume (AMV) can be found
as a percentage of volume of the total system as follows:

𝐴𝐴𝐴𝐴𝐴𝐴(%) =

𝑚𝑚𝑅𝑅𝑅𝑅𝑅𝑅 × 𝐴𝐴𝐴𝐴𝐴𝐴(%)
× 100
𝜌𝜌𝐴𝐴𝐴𝐴 × 𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅

(4.2)

Where 𝑚𝑚𝑅𝑅𝑅𝑅𝑅𝑅 is the total batched mass of RCA in the RAC mixture design, 𝐴𝐴𝐴𝐴𝐴𝐴(%)
represents the adhered mortar content of RCA found by using the thermal shock method,

𝜌𝜌𝐴𝐴𝐴𝐴 represents the density of the mortar phase of the RCA, obtained by calculating the

composite density of all parent concrete mixture constituents except CA, and 𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅 is the
volume of the RAC system, the total batched mixture volume.

4.4

Discussion

The purpose of this study was to assess the effect of parent concrete design and fresh and
mechanical properties on the properties of an RAC system comprised of RCA particles
originating from the parent concrete. Particularly, the effect of parent strength on the
workability and compressive strength of the RAC system is of primary interest. Further,
the effect of adhered mortar content on both fresh and hardened properties on a
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volumetric percentage basis is desired. Although the mixture design that an RCA
originates from may often be unknown in practical design scenarios, there exist methods
to determine the adhered mortar content of RCA [118]. Quantifying the effect of adhered
mortar content is essential in developing design standards for RAC with the associated
RCA qualification standards. Finally, a visual microstructural examination of RAC made
with 100% replacement of CA by RCA was done in order to assess microcracking as well
as old and new ITZ differences.
4.4.1

Impact of Adhered Mortar on RAC Properties

The results of this study confirm that higher levels of adhered mortar result in a less
workable mixture. While many studies site less workability as a common feature of RCA
[34], [38], [46], [114], [120], some of these studies maintain that it is a result of the
absorption of free water into the RCA upon mixing, while others maintain that the
roughness of the adhered mortar and the shape of RCA particles contributes to lower
workability. The results of the present study suggest that the adhered mortar content and
the processing techniques employed are important factors in achieving adequate RAC
strength. This is consistent with some of the literature that highlights the importance of
achieving uniformity and quality in RCA in the demolition and processing phase [35],
[45], [48], [49]. It has been observed that workability is a concern when designing RAC
mixtures, an issue commonly addressed through the use of admixtures [123]. Generally,
it is considered that concrete workability decreases from RCA replacement lie in the high
absorption capacity of RCA [114]. The results presented in this study show that even
moisture conditioned RCAa t a moisture condition above the absorption capacity of the
RCA can have a marked effect on workability of an RAC mixture.
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In this study, decreases in workability were associated with increasing particle
shape irregularity. The 𝐴𝐴𝐴𝐴𝐴𝐴(%) formulation presented in this study enables quantitative
comparison against other properties of both the RCA and the final RAC, but requires
detailed knowledge of the parent concrete from which the RCA is derived. For this
reason, this measure is useful in laboratory studies where PC properties are well
understood. Figure 4.14 shows the relationship between AMV and slump. It can be
observed that a strong relationship exists between the amount of adhered mortar in the
system and the workability characteristics obtained after discharge. Further, these
decreases in workability were not a result of RCA absorption, as RCA particles were
above SSD when batched for mixing.

Figure 4.14 Slump of RAC vs. adhered mortar content (V%).
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The presence of adhered mortar results in lower overall density of the composite
RAC relative to NAC made with the same materials. This is due to the lower density
mortar phase consisting of a larger volume of the composite material, except where
lightweight aggregates are used. In this study, the expected unit weight of the fresh
mixtures was easily predicted through the mixture deign values. While the effect of
adhered mortar on the density and durability properties of RAC are generally agreed
upon in the literature, there exists discrepancy on the effect of RCA replacement and the
associated adhered mortar on the compressive strength of RAC. One study reported that
RCA parent strength is unrelated to resulting RAC strength [49]. Some studies maintain
that RCA replacement limits RAC compressive strength relative to the strength of the
parent concrete strength [48], [118], [124]. Other studies claim that adhered mortar
amount and strength is a primary indicator of inhibited RAC strength [33], [45], [114],
[119]. In this context, a higher amount of adhered mortar is considered an inhibitor of
compressive strength among other performance measures.
In this study, an adhered mortar amount of 52% by mass of RCA resulted in RAC
with similar compressive strengths at all replacement levels. The RCAs with adhered
mortar amounts of 47 and 61% had strengths inversely proportional to CA replacement
level by RCA. While it seems evident that higher levels of adhered mortar lead to
increased transport properties and lower density, it is unclear to what extent adhered
mortar impacts RAC strength. Further study is needed to assess the contributions of
adhered mortar properties on RAC strength, especially the effect imparted by the surface
texture and porosity of the adhered mortar zone on the resulting ITZ between the adhered
mortar and the new mortar phase.
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4.4.2

Compressive Strength Development in RAC Systems

Among the mixtures tested in this study; all systems exceeded the required average
compressive strength at 28 days as per ACI 211 [88] except the PC1-100 group. This
indicates that, in most conditions, the use of ACI 211 as a mixture design tool when using
RCA may be valid for developing systems with a predictable strength. Current structural
concrete design codes, such as ACI 318 [40], and aggregate specifications such as ASTM
C33 [85], in the United States allow for the use of RCA in concrete but do not provide
guidance on designing concrete mixtures. If current design methodologies, such as ACI
211 can be used to provide mixture design guidance for using RAC, this will reduce the
technical barriers to application of RCA. The only system that did not meet the design
strength was the PC1-100, which was the lowest strength parent concrete used as a full
replacement for NA. This indicates that lower strength parent concrete systems may be
limited for use in blended systems while higher strength parent concrete systems could be
used as RCA in full replacement levels, rather than full replacement. However, the
results presented here are for a single source of NA and the laboratory made RAC,
therefore additional data needs to be collected and analyzed before these results can be
generalized.
When laboratory generated RCA of known properties is used at various
replacement levels in RAC, the impact of the parent concrete becomes evident. In this
study, the results suggest that when using consistent sources of RCA, a difference in
parent compressive strength as well as replacement level can affect the achieved strength
of an RAC system at certain adhered mortar contents. For the PC2 group, a change in
RCA replacement did not result in observed differences in RAC strength, a result not
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seen for the PC groups with lower and higher adhered mortar contents. This indicates that
RCA systems having strengths like the RAC target strength for which they will be
employed will generally achieve or exceed target compressive strength. For the PC1 and
PC3 groups, the impact of replacement level of RCA was apparent; increasing CA
replacement by RCA resulted in a decrease of compressive strength at 28 and 90 days.
The results exhibited by the PC2 group contrast with some studies that have determined
that increasing CA replacement by RCA results in RAC systems of lower compressive
strength [46], [47]. When observing the 90-day compressive strength, it appears that
some form of secondary hydration exists at the interaction between the new mortar and
the old, adhered mortar. Strength gain between 28 days and 90 days was much higher for
the RAC systems compared to the NA system. The increases in 90-day strength are on
the range of 6-12% of the 28 day strength indicating that RAC may benefit from longterm hydration in a way that conventional concrete does not. Further hydration analysis
of RAC systems needs to be completed to confirm this theory.
4.4.3

Visual Observations from SEM Imaging
The SEM findings indicate that for a normal strength parent concrete, the

interface between the old and new mortar is dense, with no distinguishable transition in
structure. Another study has confirmed this in the case of high strength concrete [48], but
further study is needed to quantify the effect that moisture conditioning and RCA
absorption capacity have on the resulting transition zone between the old and new mortar,
and if this zone or the original ITZ presents a greater point of weakness. Overall, the Old
Mortar/New Mortar intersection existing in the specimens observed exhibited a dense
packing structure, with less void spaces than observed in the old ITZ.
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The transition between the old and new mortar was relatively indistinguishable at
the magnifications observed, indicating that interlocking and hydrate intrusion was not
significant between the old and the new mortar. It is unclear to what extent bonding is
developed between the old and new mortar, only that the structures were not marked by
high porosity or transition of hydrate products, but rather were distinguished by abrupt
discontinuity. The old adhered mortar phase appears more dense than the new mortar,
suggesting that densification of the new mortar has not been fully achieved via hydration
processes. One of the primary findings of the image analysis is that the intersection of the
old and new mortar is a relatively dense structure, and may be better referred to as a zone
of intersection rather than one of transitional hydrate structures. From the image analysis
alone, there are no indications that the bond between the old and new mortar is, on
average, weaker than the old ITZ existing in the RCA. Further, some of the images
suggest that waste concrete processing techniques can lead to some cracking in the RCA,
but that it is not significant. It is not clear to what extent RCA processing leads to
microcracking, since polishing preparation processes can result in local drying shrinkage
cracking in samples. For the current work, hydration was not stopped for the samples,
and so the samples were dried using vacuum desiccation directly, rather than initial
drying through solvent exchange. Future work should be done to compare solvent
exchange and freeze drying techniques to determine if they produce less damage to the
adhered mortar during drying and polishing.
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4.5

Conclusion

This study explored the impact of parent concrete strength on RAC mechanical properties
and workability. This research was motivated by a lack of consensus in the literature
surrounding the influence of parent concrete strength and quality on the mechanical
characteristics of an RAC system. In this study, RAC mixtures were developed from lab
made RCA in order to capture the effects of parent strength on the resulting RAC
compressive strength. Adhered mortar contents of the three RCAs used in this study were
determined via the thermal shock method in order to supplement the findings from the
strength testing. This work indicated that standard concrete mixture design techniques
may be valid for a wide range of RCA materials and replacement levels in RAC.
It was found that for the strength class considered in this study, an RAC system
will achieve superior strength if the RCA employed in the mixture has a parent strength
that is close to the desired RAC design strength. Furthermore, it was demonstrated that
adhered mortar amount, while having an observed effect on the workability of fresh
RAC, did not have an observed effect on strength. The results suggest that further study
is needed to assess if soundness or amount of adhered mortar are controlling factors, and
if there is some adhered mortar amount that results in consistently higher RAC strength.
SEM Imaging was used to analyze the old ITZ inherent to the RCA as well as the
interface existing between old and new mortar phases in RAC specimens. It was found
that interfaces between old and new mortar were dense compared to old ITZs. Further
study is needed to assess the existence, or lack thereof, of an ITZ between old and new
mortar and the significance of this zone on the micro-mechanical properties of RAC.
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The influence of adhered mortar amount was explored via the thermal shock
method to determine the amount of attached mortar on a given mass of RCA. These
values were used to extrapolate the total adhered mortar in each RAC system. While
AMC is a viable metric, it does not capture the total amount of mortar in a given system
with varying CA replacement levels by RCA. Therefore, an AMV(%) derivation was
conceived. It was determined that while total volumetric adhered mortar content can have
a discernible effect on workability, the effects of AMV on the strength properties of RAC
is not apparent. A clear relationship was established between the AMV of RAC and
slump. Results indicate that aggregate shape and surface texture play a significant role in
workability reduction, not just water absorption as indicated by previous studies. Further
study is needed to fully determine the relationship between AMV and RAC strength.
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CHAPTER 5
IMPACT OF FREEZE-THAW CYCLING ON THE MECHANICAL AND
DURABILITY PROPERTIES OF RAPID REPAIR BASED OVERLAY SYSTEMS

5.1

Introduction and Background

Highway and road infrastructure are prone to complex deterioration mechanisms that
reduce service life [51], [53]. The deterioration of this primary infrastructure network and
the associated impacts resulting from the necessary rehabilitation measures have
significant implications on the economy. The impact of road closures and the associated
congestion delays that result are far reaching, and the socioeconomic implications that
result stretch beyond the repair and rehabilitation costs required to bring the road back to
an in-service condition [56]. Delays on roadway infrastructure as a result of roadway
closure, coupled with an increase in congestion on arterial roads or lanes results in
economic and environmental impacts in the form of air quality reduction, decreased
quality of life, and disrupted business activity [55]. In an era where the vast network of
roadway infrastructure is aging while traffic demand rises and budgetary restrictions on
reconstruction and rehabilitation is not keeping pace, transportation agencies are being
forced to maintain infrastructure in novel ways that reduce road closure times while
maximizing the long-term durability of the repaired systems [53].
Premature deterioration of concrete roadway surfaces can result in premature
cracking and spalling, reduced strength, and ride quality reduction. In highway roads and
bridge decks, premature cracking and spalling of the roadway surface can result in poor
road conditions [53], [54]. There are a variety of different reasons for deterioration of
concrete including corrosion of reinforcement, freeze-thaw damage, sulfate attack, alkali
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aggregate reaction, and more [125]–[129]; furthermore, deterioration from one
mechanism can result in the onset of deterioration due to a secondary mechanism. The
use of rapid repair and rehabilitation solutions enables short lane closure times and
enables the service life of the structure to be extended. Cement-based rapid repair
materials (RRMs) are on rapid repair solution that utilizes cement-based systems that set
and gain strength quickly. The advent of these products and their growing use
necessitates novel testing and qualification measures as existing methods are often
developed and qualified for use only with standard systems. [130]. These test methods
must be representative of field conditions, while providing results in a reasonable time, so
that engineers and designers can gain an understanding of the effects of environmental
and traffic loading on the mechanical and durability properties of the composite system.
Furthermore, understanding how combined deterioration affects various damage
processes in rehabilitated concrete can enable a more accurate estimate of service life.
5.1.1

Initiation of Damage to Concrete Structures Subjected to Freeze-Thaw

The deterioration of concrete because of freezing and thawing conditions is a complex
process involving both physical and chemical phenomena. Damage from freezing and
thawing cycles can be initiated when there is sufficient moisture in the available pore
space within the concrete matrix [131]. Four primary mechanisms have been considered
for the progression of freeze thaw damage: generation of hydraulic pressure from water
expansion, capillary gel water diffusion, differential strains resulting from localized
shrinkage and swelling, and osmotic pressures built up due to partial capillary freezing of
salt water solutions [82], [125]. It is generally understood that a prerequisite for damage
from freezing is a high degree of saturation in the capillary network [131]. For this
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reason, test methodologies such as ASTM C666, generally prescribe pre-saturation as a
condition for testing [100]. Cyclic freezing and thawing causes significant cracking and
spalling of concrete structures that lack an adequate air-void system. Damage occurs as
water entrapped in the pore matrix expands when temperatures drop below the freezing
point of water [79], [82]. For this reason, the characteristics of the pore structure within
concrete have significant implications on the frost durability [79].
Early and current works have acknowledged that the transport capabilities of the
pore structure within the matrix of concrete is of primary importance when considering
concretes susceptibility to damage from freezing [125], [132]. It has been reported that
the stresses that lead to matrix cracking and subsequent delamination at the surface
originate from the restriction of flow of displaced water away from the freezing locale
[132]. The likelihood of freezing in a concrete matrix is governed by these factors in
addition to the availability of a freezable solution, which depends on the degree of
saturation, the lowest attained temperature of water, and the composition of the pore
solution [133].
Visually, freeze-thaw damage manifests itself in the form of delamination,
spalling, and pop outs. In more severe cases of freeze-thaw damage, aggregate exposure
and raveling is observed. On a physical basis, freeze-thaw presents itself in the form of
mass loss and dimensional change as well as disintegration of the mortar matrix.
Mechanically, freeze-thaw manifests in the form of compressive, tensile, and flexural
strength losses [99], [134]–[136]. Freeze-thaw damage is irreversible and repairing
sections of pavement damaged by freezing and thawing requires sufficient removal
microcracked sections.
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The existence of a pore structure that allows the movement and expansion of
water within the concrete matrix can prevent the initiation of damage. For this reason, airentrainment admixtures are often deployed in order to increase freeze-thaw durability
[137], [138]. Air entrainment can significantly improve the long-term durability of
concrete by providing an air void system from the surfactant effects of air-entraining
admixtures.
Due to the need for public safety, highly corrosive deicing salts are commonly
used to maintain road conditions that are safe for drivers when freezing conditions exist
on bridges, overpasses and road structures. The presence of deicing salts in the context of
freezing and thawing presents an especially deleterious deterioration mechanism. It is
well understood that moderate to high salt concentrations in water will change the
transition temperatures for phase change (water to ice) [139], [140]. It has been observed
that concrete surfaces exposed to freezing and thawing coupled with the existence of
deicing salts suffer from severe scaling and surficial microcracking [140], [141]. The
heavy use of road salts during periods of freezing and thawing means that for practical
application, freeze-thaw effects are often studied in the context of salt concentration
[140]–[143].
Once freeze-thaw damage is initiated, subsequent cycles can cause severe
disintegration of the concrete matrix. Exposing aggregates and creating unsafe road
conditions in the form of irregularities and loose concrete debris. When a pavement
surface has been sufficiently delaminated, removal or repair of the surface is necessary to
bring the road back to a serviceable condition.
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5.1.2

Partial Depth Repairs

Roadway deterioration in locations of heavy traffic often necessitates rapid preservation
or rehabilitation as an alternative to full reconstruction. Reconstruction of a road surface
can be costly and time consuming, leading to lane closures and delays on adjacent road
infrastructure. Partial depth repair (PDR) is an effective pavement preservation technique
that can effectively increase the service life of a pavement structure without complete
demolition and reconstruction [51], [53]. Transportation agencies and construction
engineers are embracing the use of PDRs due to the cost savings and satisfaction that
they provide [53]. For this reason, concrete resurfacing practices are used in areas where
deterioration has compromised the pavement structure at the surface, but not throughout
the depth of the pavement. A repair solution can consist of a bonded or unbonded overlay
system; where bonded systems are utilized in situations where the existing pavement is in
fair structural condition and the repair thickness is 50 – 150 mm [51]. PDRs are bonded
systems that are effective in rehabilitating areas of localized spalling, thereby restoring
the performance of the pavement and extending its service life [52]. PDRs are
particularly useful when deterioration is limited to joint failures between pavements and
in areas where a third or less of the total depth of the pavement structure is determined to
be unsound [53].
Typically, PDR opening time compressive strength requirements range from 11.2
to 12.5 MPa (1,600 to 1,800 psi) [53]. The advent of rapid setting and strength gain
cement systems comprised of blends of binders such as calcium sulfoaluminate cement
(CSA), calcium sulfate (CS� ), and calcium aluminate cement (CAC) have made it possible
to achieve minimum serviceability strength requirements at early ages. The backbone of
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these rapid setting cement binders is the formation of ettringite as a primary hydrate
structure, in contrast to OPC where ettringite is a minor constituent [62]. Ettringite is
formed during the first few hours of curing and is achieved by the hydration of calcium,
sulfur, and aluminum bearing oxides such as CSA, CS� , and CAC [62]. The rapid-setting
characteristics of these novel cementitious binders enable repairs to reach minimum

opening strength requirements in a matter of hours instead of days. Construction
materials that can be efficiently deployed at deteriorated sites can extend the service life
of a structure without requiring extended lane closures [53].
Calcium Sulfoaluminate Cement (CSA) is a low-CO2 producing cement made
from calcium sulfate, limestone, and bauxite at a temperature of 1250 °C [64]. The
production of clinkers rich in CSA does not require as much limestone or input energy
when compared to the production of portland cement (PC) clinkers [65]. These cements
contain belite (C2S), ye’elimite or tetracalcium trialuminate sulfate (C4A3S� ) and gypsum

(CS� H2) as their primary phases [66]. Hydration characteristics of these cements is

primarily dependent on calcium sulfate and/or calcium hydroxide [62]. A mixture of pure
C4A3S� and water will form monosulfate (C4AS� H12) and aluminum hydroxide (AH3) [62].
𝐶𝐶4 𝐴𝐴3 𝑆𝑆̅ + 18𝐻𝐻 → 𝐶𝐶4 𝐴𝐴𝑆𝑆̅𝐻𝐻12 + 𝐴𝐴𝐻𝐻3

(5.1)

The presence of calcium hydroxide and gypsum results in the formation of ettringite
(C6AS� 3H32) and more monosulfate, depending on the molar ratio. The reaction is written
as:

2𝐶𝐶4 𝐴𝐴3 𝑆𝑆̅ + 2𝐶𝐶𝑆𝑆̅𝐻𝐻2 + 52𝐻𝐻 → 𝐶𝐶6 𝐴𝐴𝑆𝑆̅𝐻𝐻32 + 𝐶𝐶4 𝐴𝐴𝑆𝑆̅𝐻𝐻12 + 4𝐴𝐴𝐻𝐻3
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(5.2)

Systems inter-ground with OPC and gypsum will produce ettringite alone [62], [67]. CSA
cements exhibit rapid strength gain and heat evolution primarily as a result of ettringite
formation. These systems can attain strengths of 20 MPa or greater in 3 hours [62]. XRD
analyses show the formation of ettringite 15-20 minutes after mixing, a primary source of
early-age strength [68]. The continuous increase of strength at later ages observed in
CSAs results from the hydration of other phases such as belite as gypsum is rapidly
consumed [68].
Due to the various advantages and disadvantages of pure alternative cement
systems, many available products utilize a blend of different cement chemistries to
achieve a product that will meet the demanding requirements of PDRs. Systems made up
of a blend of various cement chemistries result in a material with unique hydration,
strength and durability properties. By harnessing the potential of various systems, a fastsetting material with superior strength and durability properties can be achieved. For
example, one of the benefits of producing a blend involving CAC, CS� , and OPC is the
possibility of eliminating conversion effects normally experienced by pure CAC systems.
The formation of metastable and stable hydrates is replaced with the early formation of
ettringite followed by calcium aluminate hydrates as well as hydrated phases normally
found in OPC [69]. Ternary blends comprised of PC-CAC-CS� exhibit both high early and
long-term strength.

In the current study, three blended systems are examined: two proprietary blends
containing CSA and OPC, and a laboratory made mortar-based overlay comprised of a
ternary blend of portland cement (PC), calcium aluminate cement (CAC), and calcium
sulfate (CS� ). All materials used had a setting time of 20 minutes or less.
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5.1.3

Frost Durability of Rehabilitated Structures

While various rapid repair blends are utilized for the repair of deteriorated concrete
pavements in practice, their mechanical and durability properties as a composite with the
existing pavement are not well documented in the context of partial depth repair (PDR)
applications, and failures are relatively common [59]. Further, failure of a PDR is not
always evident by the condition of the surface. The failure of a PDR typically manifests
as a bond failure between the substrate and the repair. It has been determined that bond
performance is highly related to surface roughness, and that successful PDR application
is dependent on bond development between the existing surface and the repair material
[53], [70]–[73], [81], [144]. Additional repair measures such as bonding agent application
and mechanical connection can significantly improve bond performance [145]. While
original concrete decks show obvious signs of freeze-thaw deterioration in the form of
delamination and spalling, failure of a bond between an existing concrete substrate and a
repair is not apparent until the repair has been compromised. There has been limited
research on the freeze-thaw durability of composite systems, and no standardized test
method for evaluating the performance of the composite system undergoing freeze-thaw
cycling currently exists. Early work on composite cement systems confirmed that freezethaw damage was present in composite systems tested in flexure [146]. Another study on
the freeze-thaw durability of the bond zone between a substrate and a lab formulated
repair found that the bond performance was considerably decreased in the presence of
freeze-thaw [82]. While efforts have been made to perform testing on composite freezethaw prisms [129], study into the effect of incrementally increasing freeze-thaw cycles on
the bond performance of prismatic specimens is lacking.
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5.1.4

Evaluation of a Novel Testing Methodology for Composite Systems

As noted, there is a need within the industry to be able to measure the freeze-thaw
performance of overlay systems, as well as the bond of those systems to a concrete
substrate. Therefore, the goal of this study was to develop a testing methodology that
would provide a new tool that could be used to measure the performance of overlay
systems subjected to freeze-thaw cycling. Along with this basic goal, we focused on
developing a method that utilized existing techniques and equipment already used within
common ASTM standards, which are widely understood within the concrete industry, to
have a method that could easily be employed by testing laboratories without the need to
purchase new and expensive equipment. The proposed test method uses a combination of
traditional freeze-thaw testing of composite systems and pull-off testing of the overlay
after freeze-thaw cycling. This paper presents an outline of the proposed test method and
preliminary results indicating its potential effectiveness. Three blended systems were
examined: two proprietary blends containing CSA and OPC, referred to as CSA/PC-1
and CSA/PC-2, and a laboratory made mortar-based overlay that comprised of a ternary
blend of OPC, CAC, CS� , referred to as CAC/CS/PC. All materials used had a setting time
of 20 minutes or less. Of particular interest was the relationship between the observed

pull-off strength and the dynamic modulus of elasticity, an often-cited indicator of
decreasing mechanical strength. Also presented is the variability of pull-off strength data
obtained in this study compared to precision limits prescribed by ASTM C1583 [97]. The
impact of initial substrate condition on the quality of the bond will be briefly discussed.
Finally, the details of the testing methodology are outlined, and an evaluation of the
efficacy of the methodology will be discussed.
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5.2

Materials

The materials used in this study comprise of one concrete system used for the substrate,
made with PC and local aggregates, and three overlay systems. Two of the overlay
systems were made using propriety pre-bagged mortar systems that used a blended
CSA/PC cement system. A third overlay mortar system was made in the laboratory using
local fine aggregate. This section will outline the cementitious binders and aggregates
used in this study, as well as the relevant qualification standards relevant to their use as
per ASTM. A brief discussion on admixtures used in included, without regard to the
specific chemical properties.
5.2.1

Cementitious Binders

Four different cement systems were used in this study. For the substrates, the concrete
was made with a type I/II PC, as defined by ASTM C 150/C150M [87], this material is
referred to as “PC” in this paper. Three overlay systems were used in this study: two
proprietary systems based on belitic CSA blended with PC (referred to herein as
“CSA/PC-1” and “CSA/PC-2”), and a laboratory blended ternary system consisting of
CAC, CS� , and PC (referred to herein as “CAC/CS� /PC”). The CAC/CS� /PC cementitious

components were of 21% standard grade CAC, 9% CS� and 70% PC. An oxide analysis of
the cementitious components of the OPC and blended CAC/CS� /PC systems are presented
in Table 5.1. No oxide information on the cementitious components of the proprietary

systems, CSA/PC-1 and CSA/PC-2, was available from the manufacturer; and, the
systems came pre-mixed with admixtures and aggregates, so oxide analyses for these
systems is not presented.
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Table 5.1 Cement Oxide Analysis

Oxide

Portland
Rapid-set
Cement
Cement
Amount(%)

Na2 O

0.21

0.18

MgO

2.75

2.89

Al2 O3

3.73

10.01

SiO2

20 .50

16.58

P2 O 5

0.22

0.18

SO3

2.9

7.65

Cl

0 .05

*

K2O

0.77

1.00

CaO

62.43

57.10

TiO2

0.19

0.56

Cr2 O3

0.06

0.05

MnO

0.23

0.11

Fe2 O3

3.34

2.01

CuO

*

*

ZnO

0.14

0.05

SrO

0.22

0.23

ZrO2

*

*

LOI**

*

1.41

Total

100

*not detected
**accounts for loss due to C, CO2, H2O, OH,
organic compounds and/or other
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5.2.2

Aggregates

The natural coarse and fine aggregates (CA and FA, respectively) used in the PC system
and the CAC/CS/PC system were natural granite produced from the same quarry. The FA
grading fell within the acceptance limits according to ASTM C33 for fine aggregate; and,
the CA fell within the acceptance limits according to ASTM C33 for a #7 sized stone
[85]. Figure 5.1 presents the sieve analysis of the CA according to ASTM C33 [85].
Figure 5.2 presents the sieve analysis for the FA according to ASTM C33. Table 5.2
presents the properties determined from ASTM C127 [83].
Table 5.2 Aggregate Properties
Aggregate specification

Dry-rodded unit
weight kg/m3

Relative desnity
(SG)

Absorption
capacity (%)

Coarse Aggregate (CA)

1511

2.69

0.66

-

2.75

0.57

Fine Aggregate (FA)

Figure 5.1 Gradation curve for #7 natural coarse aggregate.
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Figure 5.2 Gradation curve for fine aggregate.
5.2.3

Substrate Concrete Mixture Design

The substrate concrete was made using the PC shown in Table 1 and the CA and FA in
Table 2. The substrate concrete mixture in this study was designed using ACI 211.1-91
[88]. The basis of the substrate mixture design was to simulate a typical pavement
mixture design of normal strength. The substrates were designed to achieve a 4 in. slump
with an air content of 8% and a compressive strength, 𝑓𝑓′𝑐𝑐 = 34.5 MPa at 28 days. In order

to meet these requirements, a w/cm of 0.45 was selected. The cement was added at a
dosage of 563 kg/m3 while the CA and FA were added at a dosage of 680 and 776 kg/m3,
respectively. In order to achieve the desired slump and workability, Sika® Viscocrete, a
water-reducing superplasticizer, was dosed at rate of 5.25 mL/kg. Due to the need for the
substrate itself to have durability against freeze-thaw attack, air entrainment was used. In
order to achieve 8% air, Sika® AIR 260, a surfactant-based air entrainment admixture
was dosed at a rate of 2.3 ml/kg. Dosage rates followed manufacturer recommendations
for the type of air entraining admixture used.
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The compressive strength was chosen above a typical pavement design strength to
prevent conical shear failures during pull-off testing. These types of failures were
observed during the trial testing phase of the study with substrates of a lower mechanical
strength. Undesirable failure modes involve a failure of the substrate rather than the bond
zone or repair material. While this type of failure may be possible in the field, since the
work focused on the development of a test method to assess the bond deterioration due to
freeze-thaw damage, higher strength concrete was used to decrease the likelihood of
substrate failures. All PC mixtures produced used the same material stock of FA and CA,
and the same dosage rate of Sika Sikament SPMN superplasticizer and Sika AIR 260
air entrainer in order to achieve the desired workability and air content.
5.2.4

Overlay System Mixture Designs

Three overlay systems were used in this study. The CSA/PC-1 system, sold commercially
by Mapai as Planitop 18, was a proprietary, pre-bagged, rapid setting product that did not
need to be mixed with aggregates prior to use in applications thinner than 50 mm (2 in.).
The second proprietary system, CSA/PC-2, sold commercially by SpecChem as RepCon
928, was a polymer modified, fiber reinforced, rapid setting system that did not need to
be mixed with aggregates prior to use in applications thinner than 50 mm (2 in.). These
systems both met the requirements of ASTM C928, which sets forth the requirements for
rapid hardening, prepackaged, concrete repair materials [147]. Water was added to these
systems according to the manufacturer’s recommendations. For the CSA/PC-1 RRM
overlay system, this involved adding 3.41 kg of dry repair material to 300 mL of potable
water in a benchtop planetary mortar mixer and mixing for 1 minute before adding the
remaining 97 mL of water and mixing for an additional 2 minutes before discharging the
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mixture. For the CSA/PC-2 RRM overlay system, the mixing involved the same
proportions of water and dry mix due to the range of water permitted by the
manufacturer, and to ensure consistency in the testing program. The mixing protocol was
kept the same for the CSA/PC-2 system.
The third rapid repair material, the CAC/CS/PC system, was made by mixing the
FA presented in Table 2 with the rapid-setting cement presented in Table 1. The ratio of
cement to FA ratio was chosen to be 1:2.75 by mass following guidance making and
testing mortar specimens in ASTM C109 [89]. The w/cm was chosen as 0.45. The mixing
was performed to be similar to that of the manufactured materials; the cement and FA
was premixed for 5 minutes before being set aside and mixed in the same manner as the
two manufactured blends.

5.3

Experimental program

The experimental program focused on the development and execution of a novel testing
regime to determine the effect of freeze-thaw conditioning on the quality of an overlay
system and the bond strength between a concrete substrate and an overlay. The test
method was conceived such that it would be viable for use with any hydraulic cementbased system used in overlay procedures. ASTM C666 [100] was used as a guide for the
specimen dimensions and data acquisition during the freeze-thaw conditioning phase.
ASTM C1583 [97] was used as a guide for measuring the tensile bond strength of the
overlay/substrate system. Two important changes were made to both test standards. For
the freeze-thaw conditioning, the maximum number of cycles between data collection
procedures was increased from 36 to 50. The increase in cycles was done so that data
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collection for the freeze-thaw samples matched time periods for pull-off testing. The
research team determined during preliminary testing that completing pull-off testing
every 36 cycles would require too many specimens to be cast. Nine specimens were
required when tested at 36 cycles, whereas only 6 specimens were required when tested
every 50 cycles.
For the pull-off testing, a modified methodology was used to stabilize the load
cell with the sample. ASTM C1583 is conceived as a field test, so there is not a standard
for testing prismatic samples or samples of limited dimensions [97]. A diagram detailing
the testing regime is shown in Figure 5.3. Following this regime, first substrates were cast
and allowed to cure for 28 days. After curing the substrates were prepared to have the
overlay materials applied. After the overlay was applied and cured, the systems were
subjected to freeze-thaw testing. Every 50 cycles, the specimens were removed from the
freeze-thaw testing apparatus and had their dynamic modulus and mass measured. One
specimen was reserved after each set of 50 cycles, and the remaining specimens were
returned to the machine for further freeze-thaw cycling. The specimen that was removed
was then subjected to pull-off testing using the modified ASTM C1583 set-up. This
continued until 300 cycles had been met and all specimens had been subjected to pull-off
testing. Each step in this process is explained in more detail in the following sections.
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Figure 5.3 Schematic of testing plan.
5.3.1

Substrate Specimen Design, Placement, and Preparation

The substrates specimens size was determined such that, upon final preparation of the
overlayed specimens, the dimensions of each specimen would conform to the size of
prisms (76 x 102 x 406mm) necessary to perform freeze-thaw testing per ASTM C666
[100]. The substrates were made by casting the PC concrete system in prism molds
measuring 76 x 102 x 406mm, with two wooden spacer sections measuring 19 x 102 x
406mm to create substrates measuring 38 x 102 x 406mm. Water absorption into the
wood spacers contacting the fresh concrete was prevented by wrapping the wooden
spacers in a thin polyethylene sheet. After demolding, substrates were cured for 28 days
in a saturated lime solution conforming to the requirements of ASTM C511 [93]. After
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curing, the substrates were prepared for overlay placement such that they would simulate
a concrete with a PDR applied in the field.
PDRs involve the removal and replacement of small sections of deteriorated
concrete pavement, effectively slowing or eliminating the spread of damage that tends to
occur due to thermal stress, freezing and thawing, and traffic loading [4]. There are 3
different types of PDRs that fall into different categories according to the FHWA
concrete preservation guide [53]. Spot repairs of cracks, joints and spalls, generalized
joint and crack repairs, and bottom-half repairs are classified as Type I, II and III,
respectively. The deterioration of concrete roadway surfaces due to deterioration
mechanisms such as freeze-thaw damage requires regular and effective maintenance to
keep transportation infrastructure operational and serviceable.
One of the primary challenges when considering a PDR as a service life extension
tool is that the success of the overlay is limited by the condition of the prepared substrate.
The International Concrete Repair Institute (ICRI) provides a guideline for specifying the
appropriate surface preparation for a range of repairs including sealers, coatings, polymer
overlays, and concrete repairs [74]. This guideline highlights the importance of a properly
prepared surface as a key element in the overall success of a repair. Surface preparation
refers to all the essential actions that need to take place for a substrate to be considered
sound, clean of debris, and sufficiently rough. For concrete repairs, this includes removal
of both sound and unsound concrete that could potentially inhibit the bonding capacity of
the concrete repair material [74]. An improperly prepared surface will inhibit the capacity
of the repair and will ultimately lead to further expense and the associated impacts
resulting from loss of use [74].
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Different demolition techniques can be employed to produce a rough surface. The
range of CSP values outlined by ICRI reflects the range of profiles that can be generated
by the available demolition and preparation methodologies. For the preparation of a
substrate for a concrete overlay or repair, a CSP value of 5-10 is required [74].
Furthermore, the manufacturers of the materials used in this study specify a minimum
CSP of 5, and this is the generally accepted minimum among different RRMs. The goal
of the demolition phase for concrete repairs is to remove damaged or unsound concrete
and potentially sound concrete, to establish a prescribed repair boundary based on the
design of the substrate-overlay system. Abrasion, high-pressure water jet erosion, impact,
and pulverization are the viable means by which CSPs of 5 or greater can achieved. It is
important to note that some of these methods, while producing a sufficiently rough
surface, induce microcracking, also referred to as “bruising.” Both ACI and ICRI outline
the effects of microcracking as well as the demolition techniques most likely to cause it.
In general, methods that involve heavy impact pose a risk of microcracking, leading to
lower bond strengths when compared to non-impact methods such as hydrodemolition
[74].
In the field, a sound concrete substrate is prepared by removing deteriorated
sections of concrete, creating a rough surface through mechanical means, and cleaning
the surface before application of an overlay material. Generally, the manufacturer of the
RRM overlay gives information on CSP roughness and moisture condition required for
placement. Substrates prepared in the laboratory were cured in a saturated lime solution
for 28 days instead of the 14 days prescribed by ASTM C666 [100]. This selected curing
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time ensured that the substrate was sufficiently cured, and that further hydration would be
limited upon placement of the RRM.
From visual inspection, “roughness” is a measure of surface irregularity at a given
window of observation. Roughness on a macroscopic level does not always imply
microstructural roughness. Due to the impact forces and pressures required to demolish
sound and unsound concrete sections, microstructural abrasion and cracking is likely for
impact methods. For this reason, any concrete demolition technique employed will not
only serve to create visual roughness, but will also expose the pore structure of the
concrete substrate [74]. This is essential to create interlocking of pore structures upon
hydration of the overlay. It follows that visual roughness qualification of a substrate postdemolition is a sufficient measure of potential bonding capacity of the repair material. In
the discipline of concrete repair, the Concrete Surface Profile (CSP) is the accepted
metric for qualitatively determining the condition of the concrete surface in terms of
roughness. ICRI has defined 10 unique CSP values which are shown in Figure 5.4 [74]
and the preparation method employed to achieve each respective CSP value.
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Figure 5.4 CSP values as defined by ICRI Guideline No. 310.2R [74].
In this study, scarification was chosen as the appropriate substrate preparation
technique. Most of the other methodologies involve heavy equipment and
instrumentation only meant for field application. Due to the limited scope of the study,
preparation techniques were limited to those that could be scaled down. For this reason, a
hand scarifier was chosen for substrate surface preparation, capable of CSP values in the
range of 5-10. Scarification works by impacting the surface with a drum outfitted with
rotating carbide or diamond tips, creating grooves parallel to the direction of movement.
Scarification is considered to pose a moderate risk of microcracking [74]. One of the
main causes of microcracking during scarification is a sudden change of orientation
between the drum and the surface, causing vibrations that can transmit cracking damage
through the slab. In this study, it was assumed that the microcracking induced was
minimal as vibration of the hand scarifier was kept to a minimum.
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CSP values were used as a qualitative assessment of the substrates after
scarification. A CSP value of 5 was considered the minimum allowable roughness based
on the manufacturer’s specifications for the RRMs used in this study. A hand scarifier
was utilized to create a grooved surface profile with a CSP roughness of between 7-9.
Consistency in the surface was achieved by clamping specimens together and scarifying
the composite surface in progressing overlapped rows. Figure 5.5 shows the scarifier as
well as the specimens prepared for scarification. Figure 5.6 shows substrates after
scarification. Upon visual comparison of Figure 6 to ICRIs visual qualification tool
(Figure 5.4) [74], the surfaces generated by the hand scarifier were of CSP roughness of
7-9. After the specimens are scarified, the surface was power washed to remove any dust
or debris caused by mechanical abrading. When using impact techniques, it is necessary
to clear any loose debris or cement hydrates that remain on the abraded surface, as this
can adversely affect the quality of the repair at the bond zone.

Figure 5.5 Specimens prepared for scarification.
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Figure 5.6 Scarified substrates.
5.3.2

Rapid-Repair Overlay Placement

The overlays were cast on the substrates such that a 76 x 102 x 406mm specimen
conforming to ASTM C666 requirements was achieved [100]. Due to the need for
specimens to be at a similar hydration age upon placement in the freeze-thaw chamber,
specimens for an entire overlay series were cast concurrently. Due to small dimensional
changes in substrate specimen volume during wet curing, the steel molds used to cast the
substrates were found to not suitable for casting the substrate-overlay composite casting.
A system was developed using the steel plates from the original molds in order to cast
specimens concurrently and efficiently. A single mold was used to establish a vertical
plane against which all substrates were clamped with 3x16 in plates between each
substrate. Figure 5.7 shows the arrangement of specimens prior to casting. Due to the
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limited working time of all RRMs used in the study, mix constituents were prebatched for
each specimen and mixed individually in a benchtop mixer. Batching was done for each
mix prior to the beginning of the first mix. Since most RRM manufacturers recommend
saturated surface dry (SSD) moisture conditions be achieved before a scrub coat or
bonding agent application, a procedure was established in order to achieve SSD at the
time of placement. Specimens were left in the moisture condition achieved from power
washing, and then brought to SSD by means of compressed air blasting during the mixing
time of the individual overlay. Each overlay was cast according to manufacturer
specifications. For all specimens, a scrub coat of the material was applied as per the
manufacturers recommendations before applying one lift of material. Figure 5.8 shows
the three stages of overlay placement.

Figure 5.7 Substrates prepared for overlay placement.
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Figure 5.8 Overlay casting; finished specimen (left) scrub coat (middle) SSD substrate
(right).
5.3.3

Composite Substrate-Overlay Specimen Curing and Conditioning

The substrate-overlay composite prisms were cured for 24 hours before being demolded
and placed in a saturated lime curing tank at 23°C. ASTM C666 specifies that prisms be
cured in saturated lime for 14 days prior to conditioning [100], but due to the desire to
achieve full bond before initiation of the test, it was decided to condition the specimens in
saturated lime for 28 days prior to freeze-thaw conditioning. Further testing will need to
be completed to understand the impact of overlay curing time on the overall test method.
Specimens were conditioned to 4.44°C in a water bath before taking initial measurements
according to ASTM C666 and ASTM C215 [100], [101].
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5.3.4

Freeze-Thaw Conditioning

After the curing and conditioning phase, 6 of 7 specimens of each type were placed in a
freeze-thaw chamber and removed at 50-cycle intervals based on the testing plan. The
conditioning was done using a Humboldt H-3186S Freeze Thaw Cabinet capable of
bringing specimen temperatures from 4.44°C to -17.78°C and back to 4.44°C in 2.5-4
hours. At each 50-cycle interval, specimens were removed. Each specimen then had its
mass measured, its dimension were measured, and finally its fundamental frequencies
were measured according to ASTM C666 [100] using the impact resonance method
specified by ASTM C215 [101]. After measurements were completed, specimens were
placed back in the freeze-thaw chamber, excluding the specimen to be subjected to pulloff testing for that interval. A plot showing typical freeze-thaw cycling is shown in
Figure 5.9. Figure 5.10 presents a diagram detailing the testing regime for each specimen
type.

Figure 5.9 Representation of typical freeze-thaw cycles.
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Figure 5.10 Prism conditioning and testing regime.
5.3.5

Pull off Testing Procedure

Composite substrate-overlay specimens were cured in a saturated lime solution for 28
days before being subjected to initial testing. One specimen of each type was tested with
no freeze-thaw conditioning to provide an initial pull-off strength, while the other six
were conditioned prior to pull-off testing. One specimen was reserved after each 50-cycle
period and the pull-off strength of the overlay was measured. The pull-off procedure was
developed based on ASTM C1583 [97]; however, given the specimen size requirements
for freeze-thaw conditioning, a novel drill rig and a stabilization and reaction apparatus
were developed so the specimens could be cored and tested. ASTM C1583 requires that
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the area to be tested for pull-off be cut away from the surrounding concrete using a core
drill that drills through the overlay and and into the substrate. The size of the specimens
required that they be stabilized during the core drilling procedure to ensure a vertical
coring, and proper core depth. The novel core drill stabilization rig developed for this
work can be seen in Figure 11.
Initial testing of specimens in the conception period provided a basis for which
coring depth was determined. A core that is too shallow will cause an overlay failure
during pull-off testing, not actively engaging the bond zone while a core drill that is too
deep will result in a conical failure at the substrate level. The proper drilling depth was
determined to be 48mm This value was determined based on trial tests that resulted in
conical substrate failures at higher depths, and adhesive failures below 40mm due to lack
of bond-zone engagement. Figure 5.11 shows the drill rig with a specimen clamped in
preparation for coring a specimen.
The specimen surfaces were grinded flat and smooth, and then power washed
prior to drilling to ensure a plane and smooth surface, free of debris caused by surface
scaling during freeze-thaw conditioning. This also helped to ensure proper adhesion to
the dolly, preventing epoxy peeling failure during testing. Once the core surface was
visibly dry, steel dollies fabricated in the lab were attached using a two-part fast setting
epoxy weld with high tensile strength properties. To prevent the possibility of drying
shrinkage due to specimens being core drilled in a saturated condition, the annular cavity
formed by the drilling action was pooled with water during the preparation and epoxy
curing time. The epoxy was cured for 24 hours before pull-off testing according to
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ASTM C1583 [97]. Figure 5.11 shows a specimen before and after dolly placement. The
pull off testing was performed such that a loading rate of 35 ± 15 kPa/s was maintained.

Figure 5.11 Core drill rig (left) and dolly attachment (right).
Of particular concern when performing tensile pull-off tests on prismatic
specimens is the transfer of force to the specimen. In field applications, the pavement
extending around the core location acts as a bearing surface by which tensile pull-off
force is transferred through the device to its feet. Unlike a typical fixed actuator, a pulloff tester attains stability by transferring the applied tensile force directly to the feet of
the device, effectively cinching it in place. For prismatic specimens, the dimensions of
the specimen are insufficient to provide an adequate bearing surface for the device as the
feet extend beyond the edge of the specimen. For the given testing parameters, the
research team developed a solution to this problem using a steel bearing plate of at least
12.5mm thickness. This enables the tensile pull-off force to be transferred to the
specimen without deformation of the plate or the specimen (other than the intended
location of deformation at the core). During surface grinding, planarity was checked with
a steel level to ensure that the specimen did not fail in bending. It is essential that the
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plate makes full contact with the specimen, as flexural failures of the specimen are easily
initiated due to the presence of an annular cavity at the location of maximum stress. The
pull-off testing was performed with a Controls Group™ pull-off testing device. Figure
5.12 shows the difference in field testing of slabs and laboratory testing of prisms. 𝐹𝐹𝑏𝑏

represents the bearing force developed as displacement is applied. The pull off testing
was performed such that a loading rate of 0.14 MPa/min was not exceeded.

Figure 5.12 Schematic of pull-off testing in the field (left) and in the lab (right).

5.4. Results
5.4.1

Fresh and Mechanical Properties

During production of the substrate systems, slump, unit weight, and air content were
measured. Slump was determined according to ASTM C143 [92]. ASTM C138 was
followed for the determination of air content and unit weight [121]. During production of
the substrate layers, three concrete cylinders, 100 mm in diameter by 200 mm in height,
were cast and tested in compression, according to ASTM C39, after 28 days of curing in
a lime-water bath [94]. The substrates for the three systems were produced using three
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separate batches. The three batches are referred to as “PC-S1”, “PC-S2”, and “PC-S3”,
respectively. Table 5.3 provides a summary of the fresh and hardened properties of the
three substrate concrete batches produced for this study. Substrate S3 had the lowest air
content as well as a lower compressive strength when compared to S1 and S2.
For the RRM systems, the compressive strength was determined according to
ASTM C109 for cubic 50 x 50 x 50mm samples [89]. This standard was used due to the
lack of CA present in these mixtures. Figure 5.13 presents the compressive strength of all
systems used in this study. The OPC system compressive strength was measured at 28
days after casting, whereas the rapid repair material strengths were measured at the 1-day
and 7-day intervals. The average compressive strength value for the PC system represents
an average value of all 28-day compressive strength specimens tested from all batches
cast (PC1-S1, PC-S2, and PC-S3). These time intervals are more relevant for comparison
due to the high early strength exhibited by rapid repair materials. Also, manufacturers
often report 1 and 7 day strength, so qualifying these mixtures according to reported
strengths is more representative. For these systems, the 7-day compressive strength of all
rapid repair materials exceeded the 28-day compressive strength of the PC system. At 1day, both CSA/PC-1 and CSA/PC-2 systems exceeded the compressive strength of the
PC substrate system. The CSA/PC-2 tested 13.1% below manufacturer’s specification for
1 day strength according to ASTM C109, but tested above the specification for 7 day
strength. The laboratory made CAC/CS/PC system tested slightly lower than the substrate
at 1 day, having a compressive strength of 27.5 MPa. The CSA/PC-1 system had the
highest 1-day and 7-day compressive strength with values of 53.12 MPa and 71.93 MPa,
respectively.
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Table 5.3 Fresh and Mechanical Properties of Substrates
Property

PC-S1

PC-S2

PC-S3

Compressive Strength [MPa (psi)]

36 (5280)

34 (4970)

32.5 (4720)

Unit Weight [kg/m3 (lb/ft3)]

2306 (144)

2291 (143)

2306 (144)

Slump [mm (in.)]

8.9 (3.5)

12.7 (5)

12.7 (5)

Air Content

7.50%

8%

6.50%

Repair System Used on Substrate

CSA/PC-1

CSA/PC-2

CAC/CS/PC

Figure 5.13 Compressive strength of all systems.
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5.4.2

Freeze-Thaw Deterioration Performance Results

Overlayed prisms were subjected to up to 300 freeze-thaw cycles. Mass and fundamental
resonant impact frequency were measured for each prism every 50 cycles until the
specimen was subjected to pull-off testing. A qualitative, visual analysis of the surface of
the remaining specimens was also made after 300 cycles, prior to the final pull off tests,
to assess surface damage and quality after freeze-thaw cycling.
The fundamental resonant impact frequency was measured to determine the
durability factor (DF) for each system after each set of freeze-thaw cycles. The DF
provides a point of comparison of damage between specimens and reference concrete.
For the purposes of this test method, which is being developed to measure the
deterioration of the overlay-substrate composite [148], the reference concrete that was
used was the overlay-substrate composite prism prior to being subjected to any freezethaw cycling. The DF depends on the determination of fundamental resonant impact
frequencies and is determined by the relative dynamic modulus of elasticity [101]. The
relative dynamic modulus is calculated using:
𝑃𝑃𝑐𝑐 = (𝑛𝑛12 ⁄𝑛𝑛2 ) × 100

(5.1)

Where, 𝑛𝑛 is the fundamental transverse frequency before freeze-thaw conditioning in Hz.
and 𝑛𝑛1 is the fundamental transverse frequency in Hz. after 𝑐𝑐 number of cycles of

freezing and thawing. Fundamental (resonant) frequencies were determined using the
forced resonance method. Fundamental longitudinal, transverse, and torsional frequencies
were recorded for all specimens. The fundamental transverse frequency was found by
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impacting the center of the sample perpendicular to the orientation of the bond plane,
with the accelerometer pickup placed on the same face at the end of the specimen.
The results from the RTG are ultimately used for the determination of the
durability factor (DF) of the specimen. The DF is calculated as [100]:
𝐷𝐷𝐷𝐷 = 𝑃𝑃𝑃𝑃⁄𝑀𝑀

(5.2)

Where, 𝑃𝑃 represents the relative dynamic modulus of elasticity at each measurement

increment, and M and N represent the number of exposure cycles prescribed in the testing
plan and number of cycles at which the specimen failed to achieve a minimum value of P,
respectively. If the specimen’s DF is above 80% of the control sample’s resonant
frequency, the durability factor is simply 𝑃𝑃.

The data presented in Figures 14-16 show the mass loss and durability factor for

all specimens in the experimental series. The red “x” in each figure indicates the
termination of testing via tensile pull-off strength testing. The impact resonance was
performed on all specimens up to the cycle for which pull-off testing was prescribed. For
this reason, the data availability decreases for each series as cycles progress (e.g. 6 mass
and DF values exist for 0 and 50 cycles, but only 1 value for 300 cycles). This was
determined to be a limitation because statistical analysis of the results is not practical for
data series representing different systems.
Figure 5.14 presents the mass loss and DF for each specimen cast in the CSA/PC1 series. Specimens are labeled in the legend based on the number of cycles they were
subjected to prior to pull-off testing (i.e., the specimen that made with the CSA1 system
that was subjected to 50 freeze-thaw cycles before being subjected to pull-off testing is
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labeled in the legend as “CSA1-50”). The mass loss of the CSA1 specimen that was
cycled for the full 300 cycles experienced 10% mass loss after 250 freeze-thaw cycles.
Specimen removed at 250 system after 300 cycles did not trend well with the rest of the
dataset, losing a cumulative 7.19% of its initial mass at 250 cycles and 7.56% of its initial
mass after 300 cycles. The calculated DF did not fall below 95% for any of the specimens
cast with the CSA1 system.
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Figure 5.14 Mass loss and DF for CSA/PC-1 overlay system.
Figure 5.15 presents the mass loss and DF for the CSA2 series. Mass losses for
this series were below 1% for all specimens. The DF for this series reduced to 92.14% for
the CSA2-250 specimen after 250 cycles. All other specimens had DF above 95%.

Figure 5.15 Mass loss and DF for CSA/PC-2 overlay system.
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Figure 5.16 presents the mass loss and DF for the CAC/CS/PC system specimens.
Mass losses for this system were more significant, with the CAC-300 specimen losing
7.1% of its original mass, and the mass loss for this specimen happened gradually over
the cycling period, rather than sudden as observed in the CSA/PC-1 and CSA/PC-2
systems. The CAC/CS/PC system specimen’s DFs were also determined to be lower than
for the CSA/PC-1 and CSA/PC-2 specimens. The CAC/CS/PC-300 specimen DF was
84.3% after 250 cycles with notable reductions of 4.1% and 11.6% occurring between
100/150 and 200/250 cycles, respectively. The other specimens for this series followed a
similar trend, before removal from freeze-thaw cycling; however the CAC-200 specimen
did not experience the same reduction in DF at 250 cycles that was observed for the
CAC-300 specimen.
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Figure 5.16 Mass loss and DF for CAC overlay system.
Images of the top and bottom of the CSA/PC-1, CSA/PC-2, and CAC/CS/PC specimens
at each freeze-thaw interval are presented in Figure 5.17, Figure 5.18, and Figure 5.19,
respectively. Pictures were taken of the top and bottom of the specimens at 50 cycles, and
every 50 cycles thereafter. The picture of the bottom of the specimen shows the visible
surface damage on the substrate of the specimens, while the picture of the top of the
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specimen shows the visible surface damage on the overlay system. A qualitative analysis
of these images was done. It was observed that all overlay systems showed only
discoloration and very minor pitting. The substrate prepared for the Lab CAC overlay
exhibited pitting as well as surface mortar matrix popouts, resulting in exposure of CA.
The relative visual quality of the specimens follows the same trend observed in the mass
loss measurements presented in Figures 5.14, 5.15, and 5.16.
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Figure 5.17 CSA/PC-1_300: Top and bottom throughout cycles.
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Figure 5.18 CSA/PC-2_300: top and bottom throughout cycles.
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Figure 5.19 CAC_300 Top and bottom throughout cycles.
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5.4.3

Tensile Pull off Strength Testing
For each cement system, one specimen was removed from the freeze-thaw

chamber every 50 cycles and pull-off testing was completed for it. The pull off testing
was performed such that a loading rate of 35 ± 15 kPa/s was maintained. The tensile pulloff strength is determined by [97]:

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆ℎ = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑜𝑜𝑜𝑜 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 [97]

(5.3)

Figure 5.20 shows the average pull off strength of each specimen, dependent on
the number of cycles to which the specimens were subjected. Standard deviation is
presented as error bars; each error bar was calculated as the standard deviation of three
tensile pull-off tests performed on one prismatic sample that was subjected to freeze-thaw
cycling. It was observed that the average tensile pull-off strength for the CSA1 system
decreased from an initial value of 364 psi to a value of 249 psi at 150 cycles, and then
subsequently increased to a value of 348 psi at 250 cycles, before decreasing again to a
value of 310 psi at 300 cycles. It was observed that the average tensile pull-off strength
for the CSA2 system increased from an initial value of 299 psi to a value of 334 psi at
150 cycles, and then progressively decreased to a value of 278 psi at 300 cycles. It was
observed that the average tensile pull-off strength for the CAC system exhibited a stead
decrease in tensile bond strength with increasing freeze-thaw cycles. The initial pull-off
strength was 274 psi, which decreased to 232 psi at 150 cycles, and a final value of 92 psi
at 300 cycles.
Table 5.4 provides a summary of the tensile pull-off strengths for all systems,
including the percentage decrease from the initial value, and the average decrease in pull-
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off strength per cycle. These results indicate that the CSA2 system had the lowest pull-off
strength decrease after 300 freeze-thaw cycles overall. The CAC system experienced the
largest decrease in pull-off strength, with a total decrease of 66.2% from its initial value.
The average decrease per cycle followed the same trend with the CSA2 system having
the lowest decrease per cycle, followed by the CSA1 system, and the CAC system had
the highest decrease per cycle.
Table 5.4: Comparison of Pull-off Testing Results
Initial Pulloff Strength
(Mpa)

300-Cycle
Pull-off
Strength
(Mpa)

300-Cycle
Decrease (%)

Avg.
Decrease per
Cycle (kPa/c)

CSA/PC-1

2.51

2.14

14.9

1.24

CSA/PC-2

2.05

1.92

7.1

0.48

CAC/CS/PC

1.89

0.63

66.2

4.14

Overlay
System

Figure 5.20 Tensile pull-off strength of all systems.
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5.5

5.5.1

Discussion

Relative Performance of Rapid Repair Overlays

In this study, substrate/overlay systems were evaluated in terms of mechanical and
durability testing measures. The mechanical strength properties outlined in section 4.1
was tested using two different methodologies. For the substrate concrete, ASTM C39 was
used as a basis for the determination of compressive strength, 𝑓𝑓′𝑐𝑐 [94]. For all mortar

based overlays, ASTM C109 was observed for determination of 𝑓𝑓′𝑐𝑐 [89]. It should be

noted that when comparing results from ASTM C39 and ASTM C109, 𝑓𝑓′𝑐𝑐 results tend to
be higher for equivalent systems tested according to ASTM C109, relative to results from

ASTM C39. For the overlay systems, all systems except for the 1-day CAC/CS/PC
exceeded the 𝑓𝑓′𝑐𝑐 of the substrate systems at the given testing intervals. Although the
concrete substrates were tested at later age, it was expected that they would not develop
as high compressive strengths as the repair mortars.
The results of the initial pull-off strength testing agreed well with the compressive
strength results of the overlays; the CSA/PC-1 exhibited the best pre-conditioning
performance in both compression and tensile bond loading, followed by the CSA/PC-2,
and finally the CAC/CS/PC, which had both the lowest compressive strength of substrate
and overlay, and the lowest initial average tensile bond strength. The post-conditioned
tensile bond strengths also agreed well with initial mechanical testing, but exhibited
differences during the conditioning interval. It should be noted that durability related
impact resonance values also agreed with the mechanical testing position of the study.
These comparisons are further outlined in section 5.5.3.2.
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5.5.1.1 Freeze-Thaw Performance. The results of the freeze thaw conditioning indicate
that overall, substrate-overlay systems with durable substrates exhibit superior
performance from the standpoint of impact resonance. For the CSA1 and CSA2 series,
the mass loss reported for the composite was minimal, deriving primarily from substrate
degradation, indicating that both the CSA1 and CSA2 PDRs exhibited minimal losses in
mass and durability as a composite. For the CAC/CS� /PC overlay system, the substrate

performed poorly from visual inspection and had an average mass loss per cycle of 0.1%,
while the overlay system remained dimensionally stable and free of pitting and visual
losses. It is unclear to what extent the composite interaction between the two materials
affects the frequency data, and more study is needed to determine to what extent
fundamental frequency measurements are indicative of bond zone degradation. The
substrate that was prepared for the CAC/CS� /PC system also had, comparatively, the

lowest strength and air content, indicating that it would perform worse than the other
substrates. ASTM C138 does not evaluate the precision of air content measurements, so
these differences are not relevant in the qualification of substrates from different batches
[121]. The poor performance of the S3 substrate indicates a need for composite
specimens to have durable substrates in order for bond performance of a repair material
to be evaluated on the sole basis of the repair material itself. For this reason, substrates
should always have an air content of at least 7.5%. This study does not intend to address
the performance of pre-damaged substrate systems.
5.5.1.2 Compressive strength and Tensile Bond Strength. The compressive strength of
both pre-packaged overlay systems met the 1- day and 7-day compressive strength
requirements for all classes (R1, R2 and R3) of pre-packaged rapid hardening materials

187

set forth by ASTM C928 [149]. The CAC/CS/PC system was laboratory made, and so is
not subject to ASTM C928 specifications. It should be noted, however, that the
CAC/PC/CS system only failed to meet the 1-day requirement for an R3 material
according to ASTM C928 [149], all other specifications were met and exceeded. Both
prepackaged, manufactured overlay systems developed higher compressive strengths than
the substrate system, in shorter amounts of time. The laboratory made overlay system had
a lower 1-day 𝑓𝑓′𝑐𝑐 when compared to the 28-day 𝑓𝑓′𝑐𝑐 for all substrates, but exceeded it at
7-days. When comparing the results to the precision and bias statements set fourth by

ASTM C39 and C109, the variability of the compressive strength results was well within
the limits prescribed for all specimens except the CAC/CS/PC overlay at 7 days, which
exhibited a 11.8% variation in compressive strengths, 1.2% above the allowance of
10.6% [89], [94]. ASTM C39 allows a 10.6% variation for 100 x 200mm cylinders [94].
The variation of strengths for all substrates was 6.5%. ASTM C109 sets the same 10.6%
variation allowance for 50x50x50mm cubes. The maximum variation of compressive
strengths of RRMs falling within the prescribed limits was 9.5% for the CAC/CS/PC
overlay at 1 day.
The CSA1 system exhibited a tensile bond strength decrease from the beginning
of cycling up to 150 cycles, and then subsequently increased, before a reducing again
between 250 and 300 cycles. The CSA2 series showed increases in tensile bond strength
through 150 cycles and then a subsequent decrease a value similar to the starting value.
The CAC system performed relatively poorly, compared to the other two systems, with a
consistently decreasing tensile bond strength as cycles progressed. Visual analysis of the
CAC substrate system showed that the substrate performed poorly. From the results of
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the study and the interpretation of images of the CAC-300 specimen, the substrates in this
system appeared to limit the bonding potential of the overlay system. The CAC system
exhibited slightly lower initial tensile pull-off strength, an indication that this system had
a lower bond potential. Because the air entrainment was low for this substrate series,
these substrates showed progressive deterioration earlier than desired. A possible
outcome of this result is that the likelihood of new or progressive freeze-thaw damage in
a prepared substrate must be assessed as part of a pavement repair program. In all cases,
150 cycles represented an inflection point. Both increases and decreases were observed at
this point, but in all tests, it represented a change in bond strength trend or a change in the
rate of bond strength change.
ASTM C928 requires a bond strength of at least 7 MPa to meet the requirements of a prepackaged rapid repair material. None of the three substrate-overlay systems met this
requirement. However, ASTM C928 uses a slant-shear bond test as the basis for
determining the bond strength, rather than a direct tension pull-off test, and so the values
are not necessarily comparable. Due to the geometrical differences in these tests, slantshear does not engage the bond zone in the same manner as pull-off testing. In slant shear
testing, transfer of normal force applied at an angle to the bond zone engages the matrix
in the development of stress, unlike direct pull-off tests which load the bond zone directly
[150]. For this reason, comparison of values reported from these different tests cannot be
directly compared, and slant shear tests result in higher values due to the bond failure
representing a transfer of normal force rather than a direct application of force. Further
study is needed to determine extent to which substrate freeze-thaw damage impacts future
tensile bond strength and the importance of mid-series changes in bond strength trends.
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5.5.2

Evaluation of Combined Testing Measures and Modifications

In this study, two different performance measures were evaluated on prismatic
specimens. The testing methodology was developed based on ASTM C666 [100] and
ASTM C1583 [97]. The limitations of the prism dimensions presented challenges for
pull-off testing. The feet of most pull-off testing equipment are meant to bear against the
slab extending beyond the boundaries of the core to keep the instrument stable. In the
case of prismatic specimens, this is not possible. A bearing plate was conceived for this
reason. When using the bearing plate, it was determined that planarity of the specimen
through grinding was essential to prevent a flexural failure in negative bending due to the
weakness of the section caused by core drilling. Furthermore, the drilling depth was of
critical importance; a core that is too shallow fails to engage the bond zone between the
two materials, while a core that is too deep results in a conical shear failure in the
substrate, a result that is undesirable because prism depths are not representative of slab
depths in the field. Due to the necessary adaptations and techniques developed around the
testing plan, the results from tensile pull-off testing must be evaluated against
fundamental frequency measures to determine the efficacy of measuring resonant
frequencies for composite substrate-overlay prisms that are tested on a per-cycle basis.
After 50 cycles of testing, the availability of frequency response data decreases by one
data point for each increase in cycles. This is a primary drawback to this testing
methodology, as an exhaustive dataset requires many samples.
5.5.2.1 Data Availability and Accuracy. For a testing regime that involves destructive
test data at a prescribed level of cycling, it is not possible to determine the relationship
between pull-off test data and impact resonance data for one specimen. In this study,
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investigating the relationship between these two measures is inhibited by the limited
series of data. A more robust study regime is needed to further assess and verify the
relationships found in this study. In any study on the effect of deterioration on
mechanical properties, destructive testing as part of a testing program limits the analysis
for any sample series. It is for this reason that quantifying similarities in NDT and pulloff testing is desirable and requires an extensive testing matrix.
Pull-off test results are inherently variable. ASTM C1583 specifies in section 13.1
that the pooled standard deviation of pull-off strengths is 0.29 MPa, which is relatively
large, given the average pull-off strength of the overlay systems used, and was consistent
with the data collected in this study. The standard deviation of single specimen pull-off
strength values ranged from 0.03 – 0.3 MPa. This indicates that the use of an alternative
testing setup results in a similar level of precision compared to intended test setup. More
study is needed to assess the repeatability and accuracy of tensile pull-off testing on
prismatic specimens in the context of freeze-thaw damage.
When considering results from prismatic specimens subjected to a loading protocol
meant for slabs, it is important to consider the mechanics of loading smaller geometries.
Because the stresses are developed over a much smaller dimension, it is likely that pulloff strengths of laboratory specimens result in smaller values relative to an equivalent
field specimen. The lack of a large, surrounding mass of material can lead to earlier crack
propagation because the stress has less volume to distribute over. Further study is needed
to evaluate the difference between field and prismatic laboratory pull-off strength values
for equivalent overlay systems.
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5.5.2.2 Relationship between Tensile Pull-off Data and Transverse Frequency
Response. The two primary standards that involve obtaining resonant frequencies of
prismatic and cylindrical specimens are ASTM C666 [100] and ASTM C215 [101]. The
goal of this study was to Understand the efficacy of testing the mechanical properties of
specimens that have been subjected to environmental conditioning. In the discipline of
concrete durability, combined deterioration is often considered the cause of premature
failure. A recent work that reviewed and analyzed data from several peer reviewed
experimental studies found that when considering primary deterioration modes, it is the
coupling of certain modes together that lead to more aggressive deterioration [151]. Of
the three combinations considered most aggressive was freeze-thaw cycles combined
with monotonic/cyclic load. These two conditions are very prominent on bridge decks in
areas where normal traffic loading and temperature variation exist [151].
Efficacy of Comparisons Between Dynamic Elastic Modulus and Pull-off Strength: One
of the aims of NDT is ultimately to relate structural performance in-situ to nondestructive test methods. Performing pull-off testing in areas of aggressive environmental
and mechanical loading is not practical in all cases, therefore, finding relationships
between deterioration and strength mechanisms can aid designers, contractors, and
owners in providing the adequate repair measure and assessing its performance over time.
To assess the mechanical performance in terms of resonant frequency data, the results
from the tensile pull-off tests were normalized to enable comparison. Figure 20 shows
this comparison for all specimens. The initial tensile pull-off value is initialized at 100%
as with the frequency measurement. Because impact resonance is only feasible for a
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small specimen size, the methodology developed is only adequate for qualifying both
substrate and overlay mixture designs.
Dynamic E and Relative Dynamic E: ASTM C666 defines the Relative Dynamic E only
in terms of frequency response without weighting factors such as mass loss and length
change. Section 3.3 outlines the specifics of the calculation of this measure. ASTM C215
defines the Dynamic E [101]:

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐸𝐸 = 𝐶𝐶𝐶𝐶𝑛𝑛2

(5.5)

Where 𝐶𝐶 represents a shape for a prism or cylinder, 𝑀𝑀 is the mass of the specimen, and 𝑛𝑛

is the fundamental transverse frequency. With the influence of shape and mass on the
values frequency data, the influence of dimensional changes is captured. Figure 5.21 –
5.23 present a comparison between the mechanical and durability results in this study.
Pull-off strength values were normalized such that the initial value represents a relative
value of 100%, as with the durability factor (relative dynamic MOE). Utilizing this
normalization, decreases relative to the initial pre-conditioned value are compared as
cycles progress. When observing the tensile pull-off data against the mean transverse
frequency response data, the end values relative to the pre-cycled state both exhibit a
similar decrease at the end of cycling. It should be noted that error bars in the frequencybased data are not presented due to the lack of available data at end values and because
very little variability exited in the frequency response for all specimens. From the results
observed in this study, it seems that some relationship can be established for specimens
that exhibit good durability throughout a testing regime. For systems that exhibit earlier
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failure, dynamic E appears to underestimate bond zone degradation. This may indicate
that resonant response changes are less sensitive to changes in mechanical bond
performance at higher levels of degradation. Further study is needed to establish the
efficacy of comparing impact resonance results against tensile pull-off strength.

Figure 5.21 Comparisons of tensile pull-off strength to impact resonance results for
CSA/PC-1.
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Figure 5.22 Comparisons of tensile pull-off strength to impact resonance results for
CSA/PC-2.

Figure 5.23 Comparisons of tensile pull-off strength to impact resonance results for
CAC/CS/PC.
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5.5.3

Validity of Proposed Test Method

The proposed test method shows potential for use as a tool to determine the relative
freeze-thaw performance of bonded substrate/overlay systems. However, the current
system needs significantly more testing and validation before it can be used in the field.
The inherent variability of pull-off tests makes determining differences between wellperforming systems difficult. For example, the CSA1 and CSA2 systems both performed
well in terms of freeze-thaw deterioration and 300-cycle pull-off strengths; but the high
variability within each specimen made it difficult to determine a definitive performance
trend. However, in contrast, the CAC system’s trend of pull-off strength reduction
matching a reduction in DF indicates that the test method could track performance of the
system. This indicates that the good performance of the CSA1 and CSA2 systems over
the testing period, combined with the high variability of the pull-off tests prevented the
test from indicating relative performance. Further testing of these systems at longer time
scales in which deterioration is observed during freeze-thaw testing should be done to see
if that subsequently impacts the bond strength performance of those systems. However, in
practice, cycling for longer than 300 cycles is likely to be too aggressive of a test method,
and not mimic actual field performance. It is recommended that a test method based on
this program create criteria for which the system meets a minimum standard, similar to
what is in place for ASTM C666.
The impact of the quality of the substrate on the performance of the test also
needs further analysis and testing. In this study, the same concrete mixture design was
used to create three batches of concrete that were each used to fabricate the each set of
substrates for the three repair material overlays. Despite the same mixture design being
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used, there was variability in the compressive strength and air content of the substrates.
The PC-S3 substrate had both the lowest compressive strength and the lowest air content.
The PC-S3 substrate was also used in the CAC substrate-overlay composite during
freeze-thaw and pull-off testing. The CAC substrate-overlay system performed the worst
of the three systems examined. It is currently unclear if the performance of the composite
substrate-overlay system was the result of the poor performance of the overlay system
chosen, or if it was because the substrate was not adequate to meet the demands of the
test method. Robustness testing is needed to understand the impact of substrate quality on
the overall test method and provide minimum standards for substrates used in future
testing.
This initial feasibility study for this test method used a limited number of
specimens, however this made determining the impact of variability difficult. For the
current work, seven specimens were made for substrate-overlay combination. One
specimen was used to determine initial bond properties and one specimen was used after
each 50-cycle period. Each specimen was subjected to destructive testing, meaning it
could not be placed back in the freeze-thaw chamber and used again. In practice, limiting
the number of samples required for the test method is important; a test method that
requires too many specimens (particularly for a method as labor intensive as ASTM
C666) will not be used. Despite this, to determine the validity of the test method, future
work needs to cast multiple specimens to be tested at each age. This will provide much
needed information on reliability and variability of the test method. Future work also
needs to work to benchmark the performance of the test method to existing field
applications to determine if the work can predict field performance accurately.

197

5.6

Conclusion

This study aimed to apply standardized testing measures along with novel testing setups
to capture the effect of freeze-thaw cycling on two particular measures. Impact resonance
values were used to establish the efficacy of testing composite substrate-overlay
prismatic specimens according to ASTM C666 to obtain dynamic E and relative dynamic
E values [100]. The tensile pull off bond strength was determined by using ASTM C1583
[97] as a guideline with a modified testing setup. It was determined that the testing
methodology employed can capture changes in end-cycle bond strength that occurred
during an environmental conditioning period, but that the variability in pull-off strength
data is relatively large and direct comparison is difficult. Furthermore, it was determined
that tensile pull off testing is possible on prismatic specimens within a narrow range of
Core drill depths, provided that the following conditions are met:
•

The overlay thickness is within the minimum designated by the manufacturer

•

The nominal MSA aggregate must be 1/3 Substrate depth

•

A minimum sample depth of 3 in perpendicular to the drilling face is required

•

Drilling depth must progress at least ½ in past the bond zone to ensure full
engagement

•

Pull-off testing procedures must engage the dolly fully through the use of a
bearing plate

The results of the strength and durability testing indicate that there exists a relationship
between tensile bond strength and the fundamental transverse frequency of a composite
prismatic specimen. Further study is needed to determine if a conditioning interval of 300
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cycles is sufficient, or if a larger window of cycles must be considered for long-term
durability of a repair system. Additionally, additional experimentation must be done to
establish what extent the substrate condition is indicative of poor tensile bond strength.
Compressive strength of the repair material alone cannot dictate degree of bonding!
The results of this study confirmed that for a standard 300 cycle testing regime,
RRMs are capable of providing a strong bond to a prepared substrate under the
aggressive action of freeze-thaw deterioration. Further, substrate condition was found to
be a limiting factor, causing premature degradation of a composite system in early cycles.
Finally, the test method was found to be effective at inducing bond-only failures, with
none of the experimental series exhibiting substrate or repair layer failures.
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CHAPTER 6
CONCLUSIONS, INSIGHTS, AND FUTURE WORK

6.1

Overview

The primary objective of this research was to study the use and behavior of novel
cementitious composites (NCC) for practical use in retrofit, repair, and sustainable
construction. Three different novel cementitious composites were explored; treated fiber
reinforced mortars (FRCC), rapid repair materials (RRM), and recycled aggregate
concrete (RAC). For each material, testing methodologies according to prescriptive
ASTM standards were performed to qualify the raw material inputs, evaluate the fresh
properties related to workability, and test the materials under mechanical loading
protocols. In all cases, modification outside of the prescriptive methodologies defined in
the standards were suggested and trialed in order to better quantify specific performance
properties relative to each system.
A NCC is best deployed when the materials and cement chemistries utilized
exhibit superior composite mechanical and durability properties when they are well
deployed according to their use case and environmental setting. In the modern era, a
durability minded approach to developing NCCs of all types is paramount for the
resiliency and long-term viability of newly built and rehabilitated infrastructure. Many
high strength materials are qualified primarily according to their strength class, but not
always for their intended location. While there exist measures for determining the
durability and stability of constituents such as aggregate and cement, there is a lack of
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adequate qualification standards for composite materials such as RCA and RRMs in their
designed environment.
The advent of combined deterioration models and combined accelerated
experimental testing measures have proven that while a material can exhibit superior
durability to a particular deterioration mechanism and loading protocol, it may prove
fragile when more severe or combined deterioration mechanisms exist in the environment
for which it is intended. The development of climate science has confirmed that local and
global climate conditions are subject to change over time, altering the environmental
loads that roadway infrastructure is subjected to. Engineers must design against
conditions that exist now and in the future in order to create durable structures. As
weather patterns shift and local governance changes impart policy changes, determining
the environmental and loading conditions that a material will be subjected to and the
intervals at which deleterious compounds such as road salt will be applied during its
intended design life requires a more robust understanding of both policy and environment
in the engineering community of mechanical properties in the context of deterioration for
both new structures, and structures that have been repaired. durability among engineers
and practitioners over time

6.2

Conclusions & Future Work

In this study, three different cementitious composites systems were studied with the
specific goals of each study being unique. In all cases, the effects of changing either a
material or environmental input were explored. The materials that were investigated in
the current work have very different use cases and design considerations. ASTM
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standards were used as a basis for studying the behavior of these cementitious
composites, with deviations from the standards occurring when modifications were
deemed appropriate given the goals of the study in question.
6.2.1 Effect of Cold Plasma Treatment of Polymer Fibers on the Mechanical
Properties of Fiber Reinforced Cementitious Composites
In Chapter 3, the effect of altering surface characteristics of fibers that make up a fiber
reinforced composite was explored. These types of fiber reinforced mortar composites
have applications in the repair and retrofit of existing structures, and altering fiber surface
characteristics can serve to improve fiber bond with cement and potentially increase
compatibility in a design scenario. Fibers were treated with a cold plasma jet before being
incorporated into a standard mortar utilizing OPC as a binder. Different levels of plasma
treatment were examined, and the results of compressive and flexural strength testing
were evaluated according to ASTM standards for cube and prismatic mortar specimens,
with the modification to the standard involving analyzing load displacement response in
detail using a displacement based load protocol. The analysis of the entire loading curve
up to and after initial failure of the specimens enabled comparisons between post-peak
responses.
A testing matrix involving untreated specimens and treated specimens at three
different cold plasma jet application levels was established. For each treatment time, six
flexural and six compressive specimens were cast and tested. A loading device capable of
employing a prescribed displacement-time interval was used to capture the response of all
specimens at increasing displacements. The data was then interpreted according to a
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curve shifting protocol in order to allow more robust comparison and to reduce variable
specimen seating effects.
The compressive results of these tests did not show a strong relationship between
treatment time and initial post-peak load carrying capacity. It was determined, however,
that there were some improvements in the residual load capacity out to higher
displacements during the strain softening phase, a characteristic only captured after
failure of the cement composite matrix. Compressive PVA specimens overall exhibited a
higher peak compressive strength as well as superior post-peak response on the strain
softening branch of the load-displacement curve. Flexural PP specimens exhibited a
strong correlation between treatment time and post peak load capacity, exhibiting mild
post peak strain hardening behavior. Flexural PVA specimens showed a mild correlation
between fiber treatment time and post peak load capacity, exhibiting a strong post peak
strain hardening branch. It was determined that cold plasma treatment imparts some
surface effect changes in polymer fibers, possibly resulting from etched surfaces, causing
different bond potential within a cementitious system.
Fibers impart desirable strength and ductility improving properties in
cementitious composites. FRCCs and other similar fiber reinforced composites have seen
increasing use worldwide and the envelopes on strength, ductility and durability
improvements have been consistently pushed in research and design. Plasma treatment
processes are currently part of surface modification techniques in industry and are
commonly used to improve surface adhesion for different applications. There is precedent
for the modification of bond potential in FRCCs, and existing methodologies to impart
surface modification to fibers have been studied and were discussed in Chapter 3. The
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alteration of polymeric surfaces via etching supports the finding that cold plasma
treatment of fibers imparts surface effects that alter bond performance.
There is limited information in the literature on cold plasma modification of fibers
for specific use in cementitious composites. There is a need to develop processes of scale
for the treatment of polymer fibers for use in cementitious composites. Also of concern is
the effect of plasma treatment on the material stability of polymer fibers long-term.
Performance of these novel materials in the field have not been evaluated in terms of
environmental conditioning.
6.2.2 Effect of Recycled Concrete Parent Strength and Adhered Mortar Amount
on the Properties Recycled Aggregate Concrete
In Chapter 4, the effect of varying parent strength and replacement level of RCA on the
mechanical properties of RAC was studied. Use of RCA as a moderate replacement of
quarried aggregate in concrete mixtures has shown potential. Although the processing
techniques and testing standards surrounding the design of recycled concrete structures
need to be improved before they can be implemented at a large scale, there is precedent
for their use based on the environmental cost associated with quarrying and landfilling
construction and demolition waste.
RAC currently lacks adequate standards for use in design scenarios, and a better
understanding of the processes required in order to make it a scalable and suitable
replacement for quarried aggregate are needed. The resulting strength capabilities of
these RACs was consistently at or above that of the NAC made with the same raw
materials. This study intended to use a simulated RCA as a direct replacement for NCA
in a typical mix design according to ACI, utilizing the same physiological qualification
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standards used for NCA. Recommendations for conditioning RCA as well as
proportioning were provided.
6.2.3 Evaluation of a Novel Test Method to Determine the Bond Performance of
Rapid Repair Materials to an Existing Substrate
In Chapter 5, a novel testing method was evaluated for use in determining the bond
strength of rapid repair materials (RRMs) for use in pavement rehabilitation. Currently,
there is information on the performance of RRMs as a standalone system. Manufacturers
of these materials provide data on the relevant strength and durability properties of these
materials. There is a lack of information on the durability of these repairs in a composite
system, comprised of a substrate and a RRM overlay. This study was carried out with the
intention of establishing and evaluating the efficacy of a novel testing method utilizing
materials typically available in laboratory spaces, while utilizing some novel testing
setups.
The results of this study confirmed some correlation between tensile pull-off
strength and impact resonance frequency. While decreases in bond strength were not
significant, the agreement between NDT and pull-off strength data was observed. Further
study into this testing method is needed to yield better understanding of the usefulness of
this test method and the correlations between non-destructive and destructive data types.
Two systems showed a moderate decrease in pull-off strength, while a lab-made overlay
system showed significant decreases in both impact resonance frequency and pull-off
strength. Further study is needed to determine the effect of substrate preconditioning on
the resulting bond strength of the composite system.
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APPENDIX
This section shows additional and supplementary data for all experiments. For chapter 3,
additional force-displacement plots and mixing records are shown. This data represents
the force displacement plots that were part of the analysis of mean response, shown in
chapter 3, Figures x.x and x.x. Additionally, moisture content records are provided. For
chapter 4, The mixture designs for RAC systems are provided as well as the raw
compressive strength data. Further, additional SEM Images are shown that were
considered as part of the qualitative microstructural analysis, but that were not included
in chapter 4. For chapter 5, pull-off strength testing data is shown as well as impact
resonance testing data.
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6/27/2018
7/6/2018

SH_TF1a (PP30)
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11:30:00 AM
12:00:00 PM
2:30:00 PM

2:30:00 PM
3:00:00 PM

3:40:00 PM
4:15:00 PM
4:00:00 PM
4:30:00 PM

7/11/2018
7/11/2018
7/17/2018
7/17/2018
7/19/2018
7/19/2018
7/25/2018
7/25/2018
7/31/2018
7/31/2018
8/1/2018
8/1/2018
8/8/2018
8/8/2018

SH_TF2a (PP60)

SH_TF2b (PP60)

SH_TF3a (PP120)

SH_TF3b (PP120)

SH_UP1a (PV0)

SH_UP1b (PV0)

SH_TP1a (PV30)

SH_TP1b (PV30)

SH_TP2a (PV60)

SH_TP2b (PV60)

SH_TP3a (PV120)

SH_TP3b

SH_TP1a_2 (PV30)

SH_TP1b_2 (PV30)

4:00:00 PM

3:30:00 PM

3:00:00 PM

2:30:00 PM

3:00:00 PM

12:00:00 PM

11:30:00 AM

12:30:00 PM

7/6/2018

SH_TF1b (PP30)

11:20:00 AM

6/27/2018

SH_UF1a(PP0)

SH_UF1b(PP0)

11:00:00 AM
11:15:00 AM

6/25/2018
6/25/2018

SH_C1a (Control)

SH_C1b (Control)

Time

Date

Mix

9/5/2018

9/5/2018

8/29/2018

8/29/2018

8/28/2018

8/28/2018

8/22/2018

8/22/2018

8/16/2018

8/16/2018

8/14/2018

8/14/2018

8/8/2018

8/8/2018

8/3/2018

8/3/2018

7/25/2018

7/25/2018

7/23/2018

7/23/2018

Day 28

30

30

120

120

60

60

30

30

N

N

120

120

60

60

30

30

N

N

N/A

N/A

y/n

PVA

PVA

PVA

PVA

PVA

PVA

PVA

PVA

PVA

PP

PP

PP

PP

PP

PP

PP

PP

N/A

N/A

Type

2% volume

2% volume

2% volume

2% volume

2% volume

2% volume

2% volume

2% volume

2% volume

2% volume

2% volume

2% volume

2% volume

2% volume

2% volume

2% volume

2% volume

2% volume

-

-

Content (%)

Fibers

2.04

2.04

1.69

1.69

1.90

1.90

1.31

1.31

1.89

1.89

1.09

1.09

1.34

1.34

1.77

1.77

0.97

0.97

1.50

1.50

Sand MC
(%)

775.52

775.52

775.52

775.52

775.52

775.52

775.52

775.52

775.52

775.52

775.52

775.52

775.52

775.52

775.52

775.52

775.52

775.52

775.52

775.52

Cement (g)

2176.09

2176.09

2168.70

2168.70

2173.12

2173.12

2160.58

2160.58

2173.09

2173.09

2155.94

2155.94

2161.29

2161.29

2170.49

2170.49

2153.44

2153.44

2165.09

2165.09

Sand (g)

358.66

358.66

366.34

366.34

361.75

361.75

374.79

374.79

375.70

375.70

394.22

394.22

388.44

388.44

385.52

385.52

355.86

355.86

355.86

355.86

Water (g)

MC Corrected Design Values

775.53

775.52

775.51

775.54

775.52

775.51

775.53

775.51

775.53

775.50

775.54

775.55

775.58

775.56

775.49

775.50

775.52

775.52

775.52

775.52

Cement (g)

2176.09

2176.05

2168.69

2168.70

2173.13

2173.11

2160.56

2160.59

2173.10

2173.07

2155.97

2155.95

2161.29

2161.58

2170.44

2170.43

2153.44

2153.44

2165.09

2165.09

Sand (g)

358.66

358.65

366.35

366.35

361.76

361.75

375.02

375.00

350.00

375.70

394.23

394.23

385.45

385.42

385.41

385.02

367.51

367.51

355.86

355.86

Water (g)

Actual Mix Values

A.1 Chapter 3 Additional Data

Table A.1 Mixing Record for all FRCC Specimens

Table A.2 Moisture Content Record for all Specimens

Date
6/23/2018
6/27/2018
7/6/2018
7/11/2018
7/17/2018
7/19/2018
7/25/2018
7/31/2018
8/1/2018
8/8/2018

Moisture Content Record
Bowl (g) Bowl +Wet (g) Bowl + Oven Dry (g)
265
1270
1255
264.67
1293.67
1283.75
244.3
1225.28
1208.19
244.23
1260.27
1246.82
244.24
1243.24
1232.46
260.01
1260.71
1240.1
264.73
1265.68
1252.75
264.68
1315.67
1296.11
259.8
1303.61
1286.27
259.77
1304.41
1283.57
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MC (%)
1.515
0.973
1.773
1.342
1.091
2.103
1.309
1.896
1.689
2.036

a)

b)

c)

d)

Figure A.1 Force-displacement curves for all PP specimens tested in compression a) 0
seconds of treatment time, b) 30 seconds of treatment time, c) 60 seconds of treatment
time, and d) 120 seconds of treatment time.

a)
b)
Figure A.2 Force-displacement curves for all PV specimens tested in compression at a) 0
seconds of treatment time, b) 30 seconds of treatment time, c) 60 seconds of treatment
time, and d) 120 seconds of treatment time.
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c)
d)
Figure A.2 Force-displacement curves for all PV specimens tested in compression at a) 0
seconds of treatment time, b) 30 seconds of treatment time, c) 60 seconds of treatment
time, and d) 120 seconds of treatment time.

a)

b)

c)
d)
Figure A.3 Force-displacement curves for all PP specimens tested in flexure at a) 0
seconds of treatment time, b) 30 seconds of treatment time, c) 60 seconds of treatment
time, and d) 120 seconds of treatment time.

210

a)

b)

c)

d)

Figure A.4 Force-displacement curves for all PV specimens tested in flexure at a) 0
seconds of treatment time, b) 30 seconds of treatment time, c) 60 seconds of treatment
time, and d) 120 seconds of treatment time.
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A.2

Chapter 4 Additional Data

Table A.3 Mixture Design for NAC (Control)
ACI 211 Mixture Design Worksheet
Water Demand

345

Water Adj Factor

0.9

lb/cy

Chart 1

w/cm

0.45

SSD Rodded Unit
Weight of Coarse
Aggregate

Chart 2

91

lb/cf

SSD Rodded Unit
Weight of RCA

78.10

lb/cf

SSD Rodded UW
combined

91

lb/cf

b/bo

0.6

RCA Replacement

0

%

Air Content (%)

2

%

Mix Component

Weight (lb/cy)

Specific Gravity
or Air %

Volume (ft3)

Batch for mix

Adjusted Water

311

1

4.98

14.72

Portland Cement

690

3.15

3.51

32.71

Sikament SPMN

-

-

[100 ml]

Air

0

3

0.81

0.00

Total Aggregate

1474

2.73

8.65

69.88

Tilcon #56 CA

1474

2.73

8.65

69.88

Other aggregate

0

2.4

0.00

0.00

Fine Aggregate

1553

2.75

9.05

73.61

Chart 3

Table 1

-

MC Correction
50RCA-5k

Bowl

Wet
Oven Dry
Aggregate + Aggregate +
Bowl
Bowl

Actual
Moisture
Moisture Absorption
Correction
(%)
Content
Factor
(%)

FA

244.4

1958.2

1940.9

1.020

0.34

1.007

CA

248.5

2386.1

2366.7

0.916

0.55

1.004

RCA

-

-

-

-

-

-
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Table A.4 Mixture Design for PC1-20
ACI 211 Mixture Design Worksheet
Water Demand

345

Water Adj Factor

0.9

lb/cy

Chart 1

w/cm

0.45

SSD Rodded Unit
Weight of Coarse
Aggregate

Chart 2

91

lb/cf

SSD Rodded Unit
Weight of RCA

78.10

lb/cf

SSD Rodded UW
combined

88.42

lb/cf

b/bo

0.6

RCA Replacement

20

%

Air Content (%)

2

%

Mix Component

Weight (lb/cy)

Specific Gravity
or Air %

Volume (ft3)

Batch for mix

Adjusted Water

311

1

4.98

14.72

Portland Cement

690

3.15

3.51

32.71

Sikament SPMN

-

-

[100 ml]

Air

0

3

0.81

0.00

Total Aggregate

1432

2.66

8.62

67.90

Tilcon #56 CA

1174

2.73

6.89

55.66

RCA

258

2.4

1.72

12.23

Fine Aggregate

1559

2.75

9.09

73.91

Chart 3

Table 1

-

MC Correction
Bowl

Wet
Oven Dry
Aggregate + Aggregate +
Bowl
Bowl

Actual
Moisture
Moisture Absorption
Correction
(%)
Content
Factor
(%)

FA

393.8

2247.5

2218.4

1.595

0.34

1.013

CA

393.9

2387.7

2367.3

1.034

0.55

1.005

RCA

249.1

2133.9

2016.7

6.630

5.53

1.010

213

Table A.5 Mixture Design for PC1-50
ACI 211 Mixture Design Worksheet
Water Demand

345

Water Adj Factor

0.9

w/cm

0.45

SSD Rodded Unit
Weight of Coarse
Aggregate

91

SSD Rodded Unit
Weight of RCA

0

b/bo

0.6

RCA Replacement

50

Air Content (%)

2

Mix Component

Weight (lb/cy)

Specific Gravity
or Air %

Volume (ft3)

Batch for mix

Adjusted Water

311

1

4.98

14.20

Portland Cement

690

3.15

3.51

31.56

Sikament SPMN

-

-

[100 ml]

2

0.54

0.00

Air

lb/cy

Chart 1

Chart 2
lb/cf

Chart 3
%
Table 1

-

Total Agg (CA based)

1474

2.73

8.65

67.43

Coarse Agg

737.1

2.73

4.33

33.71

RCA

648

2.4

4.33

29.64

Fine Agg

1599

2.75

9.32

73.15

MC Correction

Actual
Wet
Oven Dry
Moisture
Moisture Absorptio
Aggregate Aggregate +
Correction
n (%)
Content
+ Bowl
Bowl
Factor
(%)

Aggregate
Type

Bowl

FA

228.1

1815.8

1790.5

1.619

0.34

1.013

CA

249.1

2080

2054.5

1.412

0.55

1.009

RCA

244.9

2402.7

2294.2

5.294

5.53

0.998
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Table A.6 Mixture Design for PC1-100
ACI 211 Mixture Design Worksheet
Water Demand

345

Water Adj Factor

0.9

lb/cy

Chart 1

w/cm

0.45

SSD Rodded Unit
Weight of Coarse
Aggregate

Chart 2

91

lb/cf

SSD Rodded Unit
Weight of RCA

78.10

lb/cf

SSD Rodded UW
combined

78.1

lb/cf

b/bo

0.6

RCA Replacement

100

%

Air Content (%)

2

%

Mix Component

Weight (lb/cy)

Specific Gravity
or Air %

Volume (ft3)

Batch for mix

Adjusted Water

311

1

4.98

14.72

Portland Cement

690

3.15

3.51

32.71

Sikament SPMN

-

-

[100 ml]

Air

0

3

0.81

0.00

Total Aggregate

1265

2.40

8.45

59.97

Tilcon #56 CA

0

2.73

0.00

0.00

PC1 RCA

1265

2.4

8.45

59.97

Fine Aggregate

1588

2.75

9.26

75.28

Chart 3

Table 1

-

MC Correction

Actual
Wet
Oven Dry
Moisture
Moisture Absorptio
Aggregate Aggregate +
Correction
n (%)
Content
+ Bowl
Bowl
Factor
(%)

Aggregate
Class

Bowl

FA

228

1801

1789

0.769

0.34

1.004

CA

252.3

2000

2052.3

-2.906

0.55

0.966

RCA

245

2390

2278.6

5.478

5.53

1.000
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Table A.7 Mixture Design for PC2-20
ACI 211 Mixture Design Worksheet
Water Demand

345

Water Adj Factor

0.9

lb/cy

Chart 1

w/cm

0.45

SSD Rodded Unit
Weight of Coarse
Aggregate

Chart 2

91

lb/cf

SSD Rodded Unit
Weight of RCA

78.10

lb/cf

SSD Rodded UW
combined

88.42

lb/cf

b/bo

0.6

RCA Replacement

20

%

Air Content (%)

2

%

Mix Component

Weight (lb/cy)

Specific Gravity
or Air %

Volume (ft3)

Batch for mix

Adjusted Water

311

1

4.98

14.72

Portland Cement

690

3.15

3.51

32.71

Sikament SPMN

-

-

[100 ml]

Air

0

3

0.81

0.00

Total Aggregate

1432

2.66

8.62

67.90

Tilcon #56 CA

1174

2.73

6.89

55.66

PC2 RCA

258

2.4

1.72

12.23

Fine Aggregate

1559

2.75

9.09

73.91

Chart 3

Table 1

-

MC Correction

Actual
Wet
Oven Dry
Moisture
Moisture Absorptio
Aggregate Aggregate +
Correction
n (%)
Content
+ Bowl
Bowl
Factor
(%)

Aggregate
Type

Bowl

FA

249.1

1867.3

1843.1

1.518

0.34

1.012

CA

228

2080.8

2065.9

0.811

0.55

1.003

RCA

244.87

1611.5

1558.6

4.027

5.71

0.984
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Table A.8 Mixture Design for PC2-50
ACI 211 Mixture Design Worksheet
Water Demand

345

Water Adj Factor

0.9

lb/cy

Chart 1

w/cm

0.45

SSD Rodded Unit
Weight of Coarse
Aggregate

Chart 2

91

lb/cf

SSD Rodded Unit
Weight of RCA

78.10

lb/cf

SSD Rodded UW
combined

84.55

lb/cf

b/bo

0.6

RCA Replacement

50

%

Air Content (%)

2

%

Mix Component

Weight (lb/cy)

Specific Gravity
or Air %

Volume (ft3)

Batch for mix

Adjusted Water

311

1

4.98

14.72

Portland Cement

690

3.15

3.51

32.71

Sikament SPMN

-

-

[100 ml]

Air

0

3

0.81

0.00

Total Aggregate

1370

2.57

8.56

64.93

Tilcon #56 CA

729

2.73

4.28

34.55

PC2 RCA

641

2.4

4.28

30.37

Fine Aggregate

1569

2.75

9.15

74.39

Chart 3

Table 1

-

MC Correction

Actual
Wet
Oven Dry
Moisture
Moisture Absorptio
Aggregate Aggregate +
Correction
n (%)
Content
+ Bowl
Bowl
Factor
(%)

Aggregate
Type

Bowl

FA

249

1857.3

1833.1

1.528

0.34

1.012

CA

228

2070.8

2055.9

0.815

0.55

1.003

RCA

244.84

1601.5

1548.6

4.057

4.82

0.993
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Table A.9 Mixture Design for PC2-100
ACI 211 Mixture Design Worksheet
Water Demand

345

Water Adj Factor

0.9

lb/cy

Chart 1

w/cm

0.45

SSD Rodded Unit
Weight of Coarse
Aggregate

Chart 2

91

lb/cf

SSD Rodded Unit
Weight of RCA

78.10

lb/cf

SSD Rodded UW
combined

78.1

lb/cf

b/bo

0.6

RCA Replacement

100

%

Air Content (%)

2

%

Mix Component

Weight (lb/cy)

Specific Gravity
or Air %

Volume (ft3)

Batch for mix

Adjusted Water

311

1

4.98

14.72

Portland Cement

690

3.15

3.51

32.71

Sikament SPMN

-

-

[100 ml]

Air

0

3

0.81

0.00

Total Aggregate

1265

2.40

8.45

59.97

Tilcon #56 CA

0

2.73

0.00

0.00

PC2 RCA

1265

2.4

8.45

59.97

Fine Aggregate

1588

2.75

9.26

75.28

Chart 3

Table 1

-

MC Correction

Actual
Wet
Oven Dry
Moisture
Moisture Absorptio
Aggregate Aggregate +
Correction
n (%)
Content
+ Bowl
Bowl
Factor
(%)

Aggregate
Class

Bowl

FA

244.1

1970.5

1957.3

0.770

0.34

1.004

CA

248

2120.3

2110

0.553

0.55

1.000

RCA

252

1919.2

1900

1.165

5.71

0.957
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Table A.10 Mixture Design for PC3-20
ACI 211 Mixture Design Worksheet
Water Demand

345

Water Adj Factor

0.9

lb/cy

Chart 1

w/cm

0.45

SSD Rodded Unit
Weight of Coarse
Aggregate

Chart 2

91

lb/cf

SSD Rodded Unit
Weight of RCA

78.24

lb/cf

SSD Rodded UW
combined

88.448

lb/cf

b/bo

0.6

RCA Replacement

20

%

Air Content (%)

2

%

Mix Component

Weight (lb/cy)

Specific Gravity
or Air %

Volume (ft3)

Batch for mix

Adjusted Water

311

1

4.98

14.72

Portland Cement

690

3.15

3.51

32.71

Sikament SPMN

-

-

[100 ml]

Air

0

3

0.81

0.00

Total Aggregate

1433

2.66

8.63

67.92

Tilcon #56 CA

1176

2.73

6.90

55.72

PC3 RCA

257

2.39

1.73

12.20

Fine Aggregate

1558

2.75

9.08

73.84

Chart 3

Table 1

-

MC Correction

Actual
Wet
Oven Dry
Moisture
Moisture Absorptio
Aggregate Aggregate +
Correction
n (%)
Content
+ Bowl
Bowl
Factor
(%)

Aggregate
Class

Bowl

FA

393.7

1817.8

1791.5

1.882

0.34

1.015

CA

264.5

2581.6

2564.1

0.761

0.55

1.002

RCA

393.8

2357.2

2259

5.265

5.71

0.996
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Table A.11 Mixture Design for PC3-50
ACI 211 Mixture Design Worksheet
Water Demand

345

Water Adj Factor

0.9

lb/cy

Chart 1

w/cm

0.45

SSD Rodded Unit
Weight of Coarse
Aggregate

Chart 2

91

lb/cf

SSD Rodded Unit
Weight of RCA

78.24

lb/cf

SSD Rodded UW
combined

84.62

lb/cf

b/bo

0.6

RCA Replacement

50

%

Air Content (%)

2

%

Mix Component

Weight (lb/cy)

Specific Gravity
or Air %

Volume (ft3)

Batch for mix

Adjusted Water

311

1

4.98

14.72

Portland Cement

690

3.15

3.51

32.71

Sikament SPMN

-

-

[100 ml]

Air

0

3

0.81

0.00

Total Aggregate

1371

2.56

8.58

64.98

Tilcon #56 CA

731

2.73

4.29

34.65

PC3 RCA

640

2.39

4.29

30.33

Fine Aggregate

1565

2.75

9.12

74.20

Chart 3

Table 1

-

MC Correction

Actual
Wet
Oven Dry
Moisture Absorption
Aggregate Aggregate +
(%)
Content
+ Bowl
Bowl
(%)

Moisture
Correction
Factor

Aggregate
Class

Bowl

FA

393.1

1827.8

1801.5

1.867

0.34

1.015

CA

264.4

2591.6

2574.1

0.758

0.55

1.002

RCA

292.5

2367.2

2269

4.968

5.27

0.997
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Table A.12 Mixture Design for PC3-100
ACI 211 Mixture Design Worksheet
Water Demand

345

Water Adj Factor

0.9

lb/cy

Chart 1

w/cm

0.45

SSD Rodded Unit
Weight of Coarse
Aggregate

Chart 2

91

lb/cf

SSD Rodded Unit
Weight of RCA

78.24

lb/cf

SSD Rodded UW
combined

78.24

lb/cf

b/bo

0.6

RCA Replacement

100

%

Air Content (%)

2

%

Mix Component

Weight (lb/cy)

Specific Gravity
or Air %

Volume (ft3)

Batch for mix

Adjusted Water

311

1

4.98

14.72

Portland Cement

690

3.15

3.51

32.71

Sikament SPMN

-

-

[100 ml]

Air

0

3

0.81

0.00

Total Aggregate

1267

2.39

8.50

60.08

Tilcon #56 CA

0

2.73

0.00

0.00

PC3 RCA

1267

2.39

8.50

60.08

Fine Aggregate

1580

2.75

9.20

74.87

Chart 3

Table 1

-

MC Correction

Actual
Wet
Oven Dry
Moisture Absorption
Aggregate Aggregate +
(%)
Content
+ Bowl
Bowl
(%)

Moisture
Correction
Factor

Aggregate
Class

Bowl

FA

244.4

1830.6

1804.3

1.686

0.34

1.013

CA

248.5

2594.4

2576.9

0.752

0.55

1.002

RCA

364.1

2370

2271.8

5.148

5.71

0.995
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A.2.1 Raw ASTM C39 Data for NAC and all RAC specimens
NTC

Mix:
Date:

1/28/2021

1:00 PM

7

Day:

1

2

3

3769.8

3743.1

3850.6

Cylinder:
Weight (g):

Time:

Top Diameter (in):

4.006

4.006

4.015

4.011

4.007

4.002

Bottom Diameter (in):

4.000

3.999

3.992

3.992

4.003

3.997

Height (in):

7 7/8

8

7 7/8

Peak Load (lb):

66235

65475

63915

Date:

Time:

2/4/2021
1

2

3

3831.6

3841.2

3795.7

Cylinder:
Weight (g):

14

Day:

12:50 PM

Top Diameter (in):

4.026

4.024

4.028

4.025

4.025

4.026

Bottom Diameter (in):

3.997

3.996

3.998

3.999

3.997

3.996

Height (in):

7 7/8

7 7/8

7 13/16

Peak Load (lb):

75685

75330

72775

Date:

2/18/2021

12:30 PM

28

Day:

1

2

3

3871.2

3851.4

3799/5

Cylinder:
Weight (g):

Time:

Top Diameter (in):

4.022

4.024

4.020

4.027

4.025

4.022

Bottom Diameter (in):

3.997

3.995

3.998

3.997

3.997

3.997

8

7 7/8

7 7/8

87935

90135

90015

Height (in):
Peak Load (lb):
Date:

4/21/2021

Cylinder:
Weight (g):

Time:

1:15 PM

90

Day:

1

2

3

3812.5

3881.2

3791.4

Top Diameter (in):

4.026

4.021

4.015

4.022

4.015

4.027

Bottom Diameter (in):

3.995

3.999

3.998

3.999

3.997

3.996

Height (in):

7 7/8

8

7 13/16

Peak Load (lb):

83425

97400

89755

222

PC1-20

Mix:
Date:

1/28/2021

2:00 PM

7

Day:

1

2

3

3982.8

3997.5

4018.3

Cylinder:
Weight (g):

Time:

Top Diameter (in):

4.017

4.026

4.030

4.019

4.026

4.014

Bottom Diameter (in):

3.994

3.993

3.994

3.992

3.991

3.993

Height (in):

7 7/8

7 7/8

7 7/8

Peak Load (lb):

67290

67775

68885

Date:

Time:

2/4/2021
1

2

3

3983.2

4024.6

3925.2

Cylinder:
Weight (g):

14

Day:

1:55 PM

Top Diameter (in):

4.024

4.019

4.023

4.025

4.026

4.021

Bottom Diameter (in):

3.996

4.009

4.007

3.999

4.001

4.002

Height (in):

7 7/8

7 7/8

7 13/16

Peak Load (lb):

77675

76400

74140

Date:

2/18/2021

1:57 PM

28

Day:

1

2

3

4004.7

3980.7

4001.2

Cylinder:
Weight (g):

Time:

Top Diameter (in):

4.022

4.027

4.025

4.020

4.026

4.021

Bottom Diameter (in):

4.001

3.997

4.010

3.995

4.008

3.993

Height (in):

7 15/16

7 7/8

7 7/8

Peak Load (lb):

84930

83410

84695

Date:

4/21/2021

Cylinder:
Weight (g):

Time:

2:00 PM

90

Day:

1

2

3

3971.2

3992.1

3901.4

Top Diameter (in):

4.021

4.018

4.022

4.022

4.021

4.021

Bottom Diameter (in):

3.998

3.993

4.006

3.994

3.998

3.999

Height (in):

7 15/16

7 7/8

7 13/16

Peak Load (lb):

90480

93550

100100

223

PC1-50

Mix:
Date:

2/4/2022

Time:

7

Day:

1

2

3

3864.5

3876.6

3880.5

Cylinder:
Weight (g):

10:00 AM

Top Diameter (in):

4.024

4.028

4.027

4.015

4.019

4.017

Bottom Diameter (in):

4.010

3.971

4.008

3.983

3.981

3.992

Height (in):

7 7/8

7 7/8

7 7/8

Peak Load (lb):

62585

62790

62585

Date:

Time:

2/11/2022
1

2

3

3845.7

3876.9

3906.9

Cylinder:
Weight (g):

14

Day:

10:30 AM

Top Diameter (in):

4.022

4.023

4.018

4.026

4.026

4.025

Bottom Diameter (in):

4.003

3.979

3.980

4.014

3.997

3.984

Height (in):

7 7/8

7 7/8

7 7/8

Peak Load (lb):

67025

68365

69015

Date:

2/25/2022

10:05 AM

28

Day:

1

2

3

3872.9

3907.2

3869.6

Cylinder:
Weight (g):

Time:

Top Diameter (in):

4.019

4.014

4.024

4.029

4.016

4.015

Bottom Diameter (in):

4.014

4.010

3.979

3.970

4.002

4.009

Height (in):

7 15/16

7 7/8

7 7/8

Peak Load (lb):

71460

74330

71500

Date:

4/28/2022

Cylinder:
Weight (g):

Time:

11:00 AM

90

Day:

1

2

3

3840.1

3912.3

3792.5

Top Diameter (in):

4.028

4.021

4.027

4.026

4.016

4.017

Bottom Diameter (in):

3.975

3.972

3.997

3.997

3.993

3.970

Height (in):

7 7/8

7 13/16

7 13/16

Peak Load (lb):

83565

78655

80120

224

PC1-100

Mix:
Date:

2/4/2022

Time:

7

Day:

1

2

3

3741.2

3689

3701.2

Cylinder:
Weight (g):

1:00 PM

Top Diameter (in):

4.026

4.025

4.016

4.013

4.019

4.013

Bottom Diameter (in):

3.985

3.980

3.975

3.989

3.987

3.993

Height (in):

7 7/8

7 7/8

7 7/8

Peak Load (lb):

62585

62790

62585

Date:

Time:

2/11/2022
1

2

3

3751.4

3706.5

3683.8

Cylinder:
Weight (g):

14

Day:

12:50 PM

Top Diameter (in):

4.019

4.025

4.016

4.018

4.019

4.024

Bottom Diameter (in):

3.975

3.981

3.974

3.996

3.980

3.978

Height (in):

7 7/8

7 7/8

7 13/16

Peak Load (lb):

67025

68365

69015

Date:

2/25/2022

12:45 PM

28

Day:

1

2

3

3732.9

3751.8

3743.7

Cylinder:
Weight (g):

Time:

Top Diameter (in):

4.024

4.019

4.018

4.025

4.023

4.023

Bottom Diameter (in):

3.970

3.994

3.985

3.986

3.996

3.992

Height (in):

7 15/16

7 7/8

7 7/8

Peak Load (lb):

71460

74330

71500

Date:

4/28/2022

Cylinder:
Weight (g):

Time:

1:00 PM

90

Day:

1

2

3

3708.1

3719.7

3755.8

Top Diameter (in):

4.025

4.020

4.023

4.019

4.024

4.018

Bottom Diameter (in):

3.990

3.975

3.987

3.999

3.988

3.994

Height (in):

7 7/8

7 7/8

7 13/16

Peak Load (lb):

83565

78655

80120

225

PC2-20

Mix:
Date:

2/11/2021

3:00 PM

7

Day:

1

2

3

3978.1

3975.1

4002.3

Cylinder:
Weight (g):

Time:

Top Diameter (in):

4.026

4.031

4.022

4.019

4.015

4.017

Bottom Diameter (in):

3.991

3.993

3.998

3.994

3.991

3.994

Height (in):

7 7/8

7 7/8

7 7/8

Peak Load (lb):

65400

64620

67390

Date:

Time:

2/18/2021
1

2

3

3966.2

3919

3968.6

Cylinder:
Weight (g):

14

Day:

2:55PM

Top Diameter (in):

4.012

4.018

4.017

4.018

4.028

4.022

Bottom Diameter (in):

3.994

3.993

3.988

3.996

3.994

3.992

Height (in):

7 7/8

7 7/8

7 13/16

Peak Load (lb):

78065

78805

77960

Date:

3/4/2021

2:45PM

28

Day:

1

2

3

3974.4

3950

3987.2

Cylinder:
Weight (g):

Time:

Top Diameter (in):

4.021

4.027

4.013

4.024

4.018

4.017

Bottom Diameter (in):

3.989

3.992

3.991

3.990

3.997

3.992

Height (in):

7 7/8

7 13/16

7 7/8

Peak Load (lb):

90090

90345

86615

Date:

5/5/2021

Cylinder:
Weight (g):

Time:

3:00 PM

90

Day:

1

2

3

3912.3

3974

3945.5

Top Diameter (in):

4.023

4.029

4.014

4.025

4.030

4.014

Bottom Diameter (in):

3.989

3.992

3.997

3.990

3.998

3.992

Height (in):

7 13/16

7 13/16

7 7/8

Peak Load (lb):

101805

103475

100190

226

PC2-50

Mix:
Date:

2/17/2022

11:00 AM

7

Day:

1

2

3

3888.6

3883.8

3912.7

Cylinder:
Weight (g):

Time:

Top Diameter (in):

4.017

4.016

4.023

4.014

4.025

4.015

Bottom Diameter (in):

3.995

3.998

3.995

3.996

3.995

3.994

Height (in):

7 7/8

7 7/8

7 7/8

Peak Load (lb):

65690

63875

64470

Date:

Time:

2/24/2022
1

2

3

3925.6

3932.3

3910.7

Cylinder:
Weight (g):

14

Day:

10:55 AM

Top Diameter (in):

4.017

4.022

4.015

4.020

4.022

4.025

Bottom Diameter (in):

3.995

3.992

3.997

3.988

3.998

3.988

Height (in):

7 5/8

7 7/8

7 13/16

Peak Load (lb):

79060

76315

77640

Date:

3/10/2022

Cylinder:
Weight (g):

Time:

11:30 AM

28

Day:

1

2

3

3883

3898.2

3904.5

Top Diameter (in):

4.023

4.023

4.018

4.016

4.020

4.016

Bottom Diameter (in):

3.993

3.991

3.988

3.995

3.994

3.996

Height (in):

7 5/8

7 7/8

7 11/16

Peak Load (lb):

89175

90710

87030

Date:

5/11/2022

Cylinder:
Weight (g):

Time:

11:15 AM

90

Day:

1

2

3

3845.6

3901.2

3973.7

Top Diameter (in):

4.024

4.022

4.024

4.023

4.019

4.017

Bottom Diameter (in):

3.993

3.996

3.993

3.997

3.997

3.993

Height (in):

7 13/16

7 13/16

7 7/8

Peak Load (lb):

100750

98395

101415

227

PC2-100

Mix:
Date:

2/26/2021

12:00 PM

7

Day:

1

2

3

4006.7

4044.5

4032.3

Cylinder:
Weight (g):

Time:

Top Diameter (in):

4.027

4.020

4.028

4.016

4.031

4.015

Bottom Diameter (in):

3.995

3.998

3.995

3.994

3.992

3.995

Height (in):

7 13/16

7 7/8

7 7/8

Peak Load (lb):

64825

63430

63555

Date:

Time:

3/5/2021
1

2

3

4043.2

3972.2

4032.2

Cylinder:
Weight (g):

14

Day:

1:00 PM

Top Diameter (in):

4.011

4.026

4.028

4.030

4.017

4.027

Bottom Diameter (in):

3.991

3.992

3.991

3.993

3.993

3.998

Height (in):

7 15/16

7 3/4

7 7/8

Peak Load (lb):

73685

76980

75390

Date:

3/19/2021

12:30 PM

28

Day:

1

2

3

4012.7

3998.1

4031.5

Cylinder:
Weight (g):

Time:

Top Diameter (in):

4.021

4.020

4.028

4.031

4.011

4.025

Bottom Diameter (in):

3.989

3.991

3.994

3.993

3.990

3.994

Height (in):

7 3/4

7 7/8

7 7/8

Peak Load (lb):

88750

86715

87790

Date:

5/20/2021

Cylinder:
Weight (g):

Time:

1:00 PM

90

Day:

1

2

3

4000.1

4021.6

3998.2

Top Diameter (in):

4.014

4.018

4.015

4.028

4.032

4.024

Bottom Diameter (in):

3.998

3.988

3.992

3.988

3.994

3.993

Height (in):

7 13/16

7 13/16

7 7/8

Peak Load (lb):

97035

103695

100000

228

PC3-20

Mix:
Date:

3/5/2021

Time:

7

Day:

1

2

3

3981.1

3992.5

3918.6

Cylinder:
Weight (g):

10:00 AM

Top Diameter (in):

4.022

4.025

4.023

4.011

4.015

4.014

Bottom Diameter (in):

3.996

3.990

3.994

3.993

3.997

3.995

Height (in):

7 13/16

7 7/8

7 13/16

Peak Load (lb):

75020

74160

70630

Date:

Time:

3/12/2021
1

2

3

3924.8

3940.6

3937.2

Cylinder:
Weight (g):

14

Day:

10:15 AM

Top Diameter (in):

4.015

4.025

4.018

4.021

4.023

4.013

Bottom Diameter (in):

3.992

3.991

3.991

3.998

3.991

3.990

Height (in):

7 7/8

7 15/16

7 7/8

Peak Load (lb):

82370

81805

80875

Date:

3/26/2021

10:30 AM

28

Day:

1

2

3

3777.6

3786.9

3785.5

Cylinder:
Weight (g):

Time:

Top Diameter (in):

4.024

4.012

4.021

4.021

4.021

4.012

Bottom Diameter (in):

3.992

3.995

3.995

3.995

3.988

3.992

Height (in):

7 3/4

7 7/8

7 7/8

Peak Load (lb):

94375

94630

98065

Date:

5/27/2021

Cylinder:
Weight (g):

Time:

10:00 AM

90

Day:

1

2

3

3801.4

3799

3910.5

Top Diameter (in):

4.017

4.018

4.018

4.023

4.020

4.022

Bottom Diameter (in):

3.997

3.991

3.994

3.991

3.989

3.992

Height (in):

7 13/16

7 13/16

7 7/8

Peak Load (lb):

99350

104770

98295

229

PC3-50

Mix:
Date:

3/10/2021

11:45 AM

7

Day:

1

2

3

3916.3

3945.7

3976.1

Cylinder:
Weight (g):

Time:

Top Diameter (in):

4.022

4.025

4.023

4.011

4.015

4.014

Bottom Diameter (in):

3.994

3.999

3.989

3.994

3.991

3.993

Height (in):

7 3/4

7 15/16

7 7/8

Peak Load (lb):

61335

62230

67045

Date:

Time:

3/17/2021

Cylinder:
Weight (g):

14

Day:

12:00 PM

1

2

3

3943

3930.3

3930.3

Top Diameter (in):

4.015

4.025

4.018

4.021

4.023

4.013

Bottom Diameter (in):

3.996

3.990

3.995

3.992

3.998

3.989

Height (in):

7 7/8

7 15/16

7 7/8

Peak Load (lb):

79790

72795

79675

Date:

3/31/2021

12:15 PM

28

Day:

1

2

3

3869.4

3910.4

3745.4

Cylinder:
Weight (g):

Time:

Top Diameter (in):

4.024

4.012

4.021

4.021

4.021

4.012

Bottom Diameter (in):

3.989

3.999

3.990

3.990

3.990

3.989

Height (in):

7 7/8

7 3/4

7 15/16

Peak Load (lb):

83685

91185

85150

Date:

6/1/2021

Cylinder:
Weight (g):

Time:

11:30 AM

90

Day:

1

2

3

3879.2

3881.9

3901.3

Top Diameter (in):

4.017

4.018

4.018

4.023

4.020

4.022

Bottom Diameter (in):

3.993

3.995

3.997

3.997

3.996

3.993

Height (in):

7 7/8

7 7/8

7 3/4

Peak Load (lb):

93305

98300

95075

230

PC3-100

Mix:
Date:

3/10/2021

1:15 PM

7

Day:

1

2

3

3916.3

3945.7

3976.1

Cylinder:
Weight (g):

Time:

Top Diameter (in):

4.022

4.025

4.023

4.011

4.015

4.014

Bottom Diameter (in):

3.999

3.988

3.993

3.993

3.994

3.989

Height (in):

7 15/16

7 7/8

7 7/8

Peak Load (lb):

69150

66920

62370

Date:

Time:

3/17/2021
1

2

3

3861.2

3897.5

3887

Cylinder:
Weight (g):

14

Day:

1:00 PM

Top Diameter (in):

4.015

4.025

4.018

4.021

4.023

4.013

Bottom Diameter (in):

3.995

3.989

3.994

3.996

3.993

3.995

Height (in):

7 7/8

7 15/16

7 7/8

Peak Load (lb):

76110

77755

75440

Date:

3/31/2021

1:15 PM

28

Day:

1

2

3

3886.4

3867.6

3863

Cylinder:
Weight (g):

Time:

Top Diameter (in):

4.024

4.012

4.021

4.021

4.021

4.012

Bottom Diameter (in):

3.990

3.995

3.992

3.989

3.992

3.991

Height (in):

7 3/4

7 7/8

7 3/4

Peak Load (lb):

80770

84880

89300

Date:

6/1/2021

Cylinder:
Weight (g):

Time:

2:00 PM

90

Day:

1

2

3

3891.6

3877.1

3858.4

Top Diameter (in):

4.017

4.018

4.018

4.023

4.020

4.022

Bottom Diameter (in):

3.991

3.995

3.994

3.993

3.990

3.997

Height (in):

7 7/8

7 15/16

7 7/8

Peak Load (lb):

85585

93955

97490
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The images that follow include all selected SEM images from chapter 5

a)

b)

c)
d)
Figure A.5 (a-d) SEM images of NAC system at site 1.

a)
b)
Figure A.6 (a-d) SEM images of NAC system at site 2.
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c)
d)
Figure A.6 (a-d) SEM images of NAC system at site 2.

a)

b)

c)
d)
Figure A.7 (a-d) SEM images of NAC system at site 3.
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a)

b)

c)
d)
Figure A.8 (a-d) SEM images of NAC system at site 4.
A.2.3.2 PC1-100 SEM Images

a)
b)
Figure A.9 (a-d) SEM images of the old ITZ for PC1-100 at site 1.
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c)
d)
Figure A.9 (a-d) SEM images of the old ITZ for PC1-100 at site 1.

a)

b)

c)
Figure A.10 (a-c) SEM images of the old ITZ for PC1-100 at site 2.
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a)

b)

c)
d)
Figure A.11 (a-d) SEM images of the old ITZ for PC1-100 at site 3.

a)
b)
Figure A.12 (a-d) SEM images of the new ITZ for PC1-100 at site 1.
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c)
d)
Figure A.12 (a-d) SEM images of the new ITZ for PC1-100 at site 1.

a)

b)

c)
d)
Figure A.13 (a-d) SEM images of the new ITZ for PC1-100 at site 2.
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a)

b)

c)
d)
Figure A.14 (a-d) Other SEM images for PC1-100 at various magnifications.

a)
b)
Figure A.15 (a-d) SEM images of the new ITZ for PC2-100 at overview locations.
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c)
d)
Figure A.15 (a-d) SEM images of the new ITZ for PC2-100 at overview locations.

a)

b)

c)
Figure A.16 (a-c) SEM images of the old ITZ for PC2-100 at site 1.
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a)

b)

c)
Figure A.17 (a-c) SEM images of the old ITZ for PC2-100 at site 2.

a)
b)
Figure A.18 (a-c) SEM images of the old ITZ for PC2-100 at site 3.
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c)
Figure A.18 (a-c) SEM images of the old ITZ for PC2-100 at site 3.

a)

b)

c)
Figure A.19 (a-c) SEM images of the old ITZ for PC2-100 at site 4.
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a)

b)

c)
Figure A.20 (a-c) SEM images of the new ITZ for PC2-100 at site 1.

a)
b)
Figure A.21 (a-c) SEM images of the new ITZ for PC2-100 at site 2.
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c)
Figure A.21 (a-c) SEM images of the new ITZ for PC2-100 at site 2.

a)

b)

c)
Figure A.22 (a-c) SEM images of the new ITZ for PC2-100 at site 3.

243

a)

b)

c)
Figure A.23 (a-c) SEM images of the new ITZ for PC2-100 at site 4.
A.2.3.4 PC3-100 SEM Images

Figure A.24 SEM image of aggregate phase for PC3-100.
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a)

b)

c)
d)
Figure A.25 (a-d) SEM images of the old ITZ for PC3-100 at site 1.

a)
b)
Figure A.26 (a-d) SEM images of the old ITZ for PC3-100 at site 2.
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c)
d)
Figure A.26 (a-d) SEM images of the old ITZ for PC3-100 at site 2.

a)

b)

c)
d)
Figure A.27 (a-d) SEM images of the old ITZ for PC3-100 at site 3.
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a)

b)

c)
d)
Figure A.28 (a-d) SEM images of the old ITZ for PC3-100 at site 4.

a)
b)
Figure A.29 (a-d) SEM images of the new ITZ for PC3-100 at site 1.

247

c)
d)
Figure A.29 (a-d) SEM images of the new ITZ for PC3-100 at site 1.

a)

b)

c)
Figure A.30 (a-c) SEM images of the new ITZ for PC3-100 at site 2.
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a)

b)

c)
Figure A.31 (a-c) SEM images of the new ITZ for PC3-100 at site 3.

a)
b)
Figure A.32 (a-c) SEM images of the new ITZ for PC3-100 at site 4.

249

c)
d)
Figure A.32 (a-c) SEM images of the new ITZ for PC3-100 at site 4.
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